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amplitude  ratio,  output  magnitude/input  magnitude 
area  of  electric  command  servo  piston,  sq  in.  5 
leakage  coefficient  cu  in./sec/psi 

channel  processor  circuit 

y 

/■ 

structural  damping  of  housing,  Ib-sec/in. 
structural  damping  of  load,  Ib-sec/in. 
equivalent  viscous  damping  of  piston,  lb-sec/in. 
structural  damping  of  rod,  lb-sec/in. 

•  t 

electric  command 

electric  command  servo  input.  mV 

average  of  the  force  developed  by  four  actuators 

AP^A,  to-.l  force,  lb 

force  developed  by  one  actuator 

rated  force  (developed  by  one  actuator  at  4006  pud) 

APA.  piston  differential  force,  lb 

damped  natural  frequency.  Hit 


actuator  open-loop  transfer  function 


actuator  closed-loop  transfer  function 

electric  command  servo  and  linkage  transfer  function 

stiffness  compensation  network  transfer  function 


KoilKHKft 
*  kHkR  ♦  KHKo« 


,  equivalent  actuator  sirring,  ib/tn. 


*\\(°)  ARp/Rpp,  equivalent  actuator  spring  at  s  =  0,  or  static  stiffness,  Ib/in. 

f 

'  K  ^(s)  stiffness,  Ib/in. 

.*  /  / 

Ka(«)  equivalent  actuator  spring  at  s  =  »,  or  frequency-independent  dynamic 

"  stiffness,  Ib/in. 

Kp  integral  equalization  gain.  V/in. 

Kec  ,  ratio  of  main  valve  displacement  to  electric  command  servo  input,  in./mV 

%  stiffness  compensation  feedback  gain,  mV/in. 

Kpg  x  proportional  equalization  gain.  V/in. 

fyj  housing  spring  constant.  Ib/in. 

{ 

.I 

Kj  toad  spring  constant,  Ib/in. 

• 

K0il  4flAA/V,  oil  spring  constant,  Ib/in. 

0  »  oil  bulk  modulus,  psk  V  «  effective  oil  volume,  cu  in. 

>  .  .. 

;  a. 

Kp  main  valve  pressure  gain,  psi/in. 

kQ  EC$S  forward  path  gain  schedule  as  a  function  of  Mach  number  and  qtf 

Kr  rod  spring  constant,  Ib/in. 

EC  synchronisation  shaft  stiffness,  Ib/in, 

^TOf  Kjj/tK  ♦  K^l.  total  system  spring,  Ib/in. 

no-load  flow  pin,  main  valve,  eu  in./sec/in. 

.  \  '  .  . 

Kj  no-load  How  gain,  electric  command  servovalve,  cu  m./scc/mV 

&2  *  electric  command  wreo  feedback  gam.mV/m 

LVDT  linear  variable  differential  transformer 

Mjj  housing  ma».  Itwec^/in, 

-  -  -  ;  -  .  ■  A 

Mj.  load  matt,  lb-sec*/ln. 

Mp  piston  and  rod  matt,  lb**ec^An> 

l»C,  actuator  cylinder  retract  pcettute.  pci 

I  (' ,  actuator  cylinder  extend  pressure,  psi 


% 


^1(23  or  4)  *oa<*  Pressure  No.  1  (2, 3,  or  4)  main  actuator  piston,  psi 

Pi  average  load  pressure  of  all  four  actuators 

‘'aver 

Pr  actuator  return  pressure,  psi 

P$  actuator  supply  pressure,  psi 

AP  differential  pressure  across  main  actuator  piston,  positive  retract,  psi 

Q  pitch  rate,  dcg/sec 

qc  impact  pressure.  Ib/sq  ft  , 

Rp  command  input  gain  schedule  as  a  function  of  Mach  number  and  qc 

Rf  ratio  of  main  valve  displacement  to  rod  displacement,  in./in, 

RjN  ratio  of  main  valve  displacement  to  mechanical  input  displacement,  in./in. 

Rpp  effective  pressure  feedback  gain  including  leakage,  inverse  pressure  gain. 

-  and  structural  effects,  in./psi 

k* 

R'pF  feedback  gain  of  actuator  pressure  f  eedback  device,  in./psi 

SSD  signal  selection  device 

s  Laplace  operator 

Xt»,  ,  No.  I  (2. 3.  or  4i  main  actuator  control  valve  position 

Mt2J.or4)  '  '  ■  . 

j  or  4)  of  pressure  feedback  piston  portion,  lit, 

XvI(23  of  4j  No.  I  (2,3.  or  4i  actuator  maiu  control  valve  position 
Xpp*  electric  command  servo  piston  displacement,  in. 

X||  actuator  housing  displacement  along  rod  axis,  in 

Xj^j  mechanical  input.  Ut. 

Xp  load  displacement,  in. 

Xp  s  piston  displacement,  in. 

Xr  piston  rod-end  displacement,  iri. 


main  valve  command,  in. 

ratio  of  main  valve  position  to  electric  command  servo  output,  in./in. 


xv/xH 

Xv/#m 

5 

6COL 

dB 

VXIN 

dMleB 

eMlXR 

f 

$CL 

$0 

fOD 

0 

“a 

wB 

wc 

WCL 

WD 

WEC 

WL 

wO 

wOD 


ratio  of  main  valve  position  to  housing  position,  in./in. 

ratio  of  main  valve  position  to  mechanical  input  arm  position,  in./deg 

stabilizer  position,  positive,  trailing  edge  down,  deg 

angular  travel  of  control  column,  deg 

mechanical  input  bus  shaft  position,  deg 

ratio  of  bus  shaft  position  to  mechanical  input  position,  deg/in. 

ratio  of  mechanical  input  position  to  bus  shaft  position,  deg/deg 
ratio  of  mechanical  input  position  to  rod  position,  deg/in. 
damping  ratio 

damping  ratio  of  closed-loop  second-order  poles  (system  damping  ratio) 

damping  ratio  of  load  (M^,  K^) 

damping  ratio  of  open-loop  second-order  poles 

damping  ratio  of  open-loop  second-order  poles,  with  load  damping 

phase  angle,  0xP]%) 

break  frequency  of  stiffness  compensation  lag,  rad/sec 

break  frequency  of  stiffness  compensation  lead,  rad/sec 

actuator  break  frequency,  loaded,  rad/sec  (inverse  of  closed-loop  time 
constant) 

natural  frequency  of  closed-loop  second-order  poles,  rad/sec 

(KKy  Rpp)/A^,  dynamic  stiffness  break  frequency,  rad/sec 

(Kj  K2)/A,  electric  command  servo  break  frequency,  rad/sec 

natural  frequency  of  load,  rad/sec 

natural  frequency  of  open-loop  second-order  poles,  rud/sec 

natural  frequency  of  open-loop  second-order  poles,  with  load  damping, 
rad/sec 

(Ky  Rp)/A,  actuator  no-load  break  frequency,  rad/sec  (or  open-loop  pin) 
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1.0  SUMMARY 


The  Boeing  Company  has  successfully  completed  an  SST  technical  follow-on  program  of 
flight  control  system  analyses  and  tests  for  the  Department  of  Transportation.  Using  a  labora¬ 
tory  test  rig  (iron  bird)  built  before  cancellation  of  the  SST  program,  the  quadruple- 
redundant  horizontal  stabilizer  actuation  system  was  analyzed  and  tested  to  evaluate  per¬ 
formance  and  feasibility  of  the  system  and  to  preserve  the  technical  information  for  future 
airplanes. 

The  actuation  system  had  four  identical  power  control  units,  each  consisting  of  an 
actuator  (rated  at  87,000  lb  output  force)  and  an  integrated  control  module.  The  control 
module  contained  an  electric  command  (EC)  servo  and  linkage  for  summing  the  electrical 
commands  with  mechanical  input  commands.  The  laboratory  test  rig  consisted  of  a  section  of 
the  SST  aft  body  containing  the  actuation  system  with  a  simulated  “slab  tail”  horizontal 
stabilizer  and  geared  elevators. 

The  results  of  the  analysis  and  test  program  are  given  in  sections  4.0  and  5.0.  Bused  on 
these  results,  it  is  conclude-d  that  the  tested  system  would  have  been  feasible  for  the  SST 
prototype  airplane  after  certain  deficiencies  were  corrected.  Specific  conclusions  from  the 
testing  are  as  follows: 

1.  Linear  Analysis 

A  linear  analysis  program  demonstrated  the  ability  to  predict  the  dynamic  ch«rac- 
teristicsof  a  multiple-channel  actuator  system  mounted  in  a  flexible  structure  The 
program  predicted  the  stability  and  frequency  response  of  the  system  with  a  goud 
degree  of  correlation.  The  measured  static  stiffness  did  not  agree  well  with  the 
linear  analysis  due  to  discrepancies  between  the  model  and  the  test  structure, 

2.  Static  Performance 

Under  various  normal  and  failure  operating  conditions,  the  system  would  probably 
achieve  the  stabilizer  position  repeatability  requirement  of  0  050*  by  correcting  the 
reduced  EC  servo  pressure  pin  caused  by  the  reduced  land  lengths  of  the  EC  servo 
pistons. 

3.  Stability  Tests 

Stability  tests  demonstrated  that  the  control  system  dynamic  response  character¬ 
istics  compare  favorably  with  the  SST  specifications  and  those  predicted  by  theo¬ 
retical  analysis.  Stability  of  each  actuator  was  achieved  by  feeding  (rack  differential 
load  pressure  mechanically  to  the  control  valve.  System  stability  was  very  sensitive 
to  nonlinearities  such  as  friction  in  the  mechanical  parts,  demonstrating  that  special 
care  in  design  of  such  devices  is  extremely  important. 


4.  Force  Synchronization 


The  four  actuators  were  able  to  be  adjusted  to  be  within  the  specified  tolerance 
band  and,  after  being  adjusted,  the  synchronization  did  not  vary  excessively  out¬ 
side  of  the  acceptable  tolerance  band  for  actuator  removal  and  replacement,  tem¬ 
perature  changes,  operating  time,  load  changes,  or  surface  position.  When  in  the 
electric  command  mode  of  operation  without  electrical  equalization,  the  actuators 
did  not  stay  synchronized.  This  was  caused  by  tolerances  in  the  electrical  loops  and 
clearly  proved  the  need  for  electrical  equalization  to  force  the  EC  servos  to  track 
each  other  more  precisely  and  keep  the  actuators  in  synchronization. 

5.  System  Dynamic  Stiffness  Tests 

Dynamic  stiffness  test  results  showed  sufficient  stiffness  for  flutter  restraint  during 
normal  conditions.  During  large  command,  stall,  and  blowback  conditions  the  sys¬ 
tem  did  not  exhibit  the  spec  Tied  stiffness  and  would  have  required  hardware 
changes  and  continued  flutter  analysis  and  testing  to  ensure  proper  suppression  of 
stabilizer  flutter  during  these  transient  conditions.  The  very  close  match  of  all 
dynamic  stiffness  test  data  to  first-order  linear  approximations  showed  that  good 
computer  methods  can  be  readily  developed  to  analyze  stiffness  and  flutter  during 
transient  conditions. 

6.  System  Static  Stiffness  Tests 

Static  stiffness  test  results  showed  wide  variations  in  stiffness  depending  on  load 
application  position  and  pressure  feedback  malfunctions,  number  of  actuators 
powered,  and  stabilizer  position.  It  was  concluded  that  it  would  be  desirable  to 
eliminate  the  complex  structural  influences  on  static  stiffness  and  reiy  solely  on 
internal  pressure  feedback  or  separate  reaction  structure  and  appropriate  control 
linkage  to  ensure  proper  static  stiffness. 

7.  Electrical  Compensation  System  Stiffness 

.  Electric  stiffness  compensation  could  be  used  to  increase  stiffness  and  improve 

■  .  repeatability  and  load  droop  without  sacrificing  the  stability  of  the  system. 

8.  Actuator  Bottoming  Loads 

No  impact  loads  approached  the  87,()Q0  lb  force  capability  of  the  actuator.  Accel¬ 
eration  loads  when  the  valve  was  opened  to  start  motion  were  higher  than  the 
bottoming  loads.  Unless  fatigue  loads  become  critical,  snubbing  Would  not  be 
needed  for  these  actuators. 

9.  Main  Actuator  Failure  Detection  and  Effects 

The  main  actuator  relief/bypass  valve  that  was  used  to  limit  the  system  perform* 
ance  loss  after  the  hardover  failure  of  any  of  the  four  actuators,  signal  this  failure 
to  the  flight  crew,  and  limit  the  maximum  aerodynamic  load  that  could  be  imposed 


on  the  airplane  tail  performed  all  functions  as  expected.  The  testing  showed  that  a 
delay  circuit  would  have  to  be  used  on  the  failure  detection  system  to  avoid  false 
failure  indications. 

10.  EC  Servo  Failure  Detection 


The  SST  fail-operational  concept  limited  failure  transients  to  less  than  0. 1°  for  any 
.  single  EC  servo  failure.  The  detection  system,  as  designed,  reliably  detected  EC 
servo  failures  without  false  indication  at  normal  system  operating  levels. 

1 1 .  High  Hydraulic  Row  Rates 

Design  of  hydraulic  control  systems  with  a  major  portion  of  the  pressure  drop  in 
the  hydraulic  lines  is  an  acceptable  way  to  reduce  system  weight.  The  analysis 
method  used  to  predict  transient  hydraulic  system  behavior  was  in  good  agreement 
with  test  data. 


After  cancellation  of  the  U.S.A.  supersonic  transport  program  early  in  1971,  The 
Boeing  Company  proposed  to  the  Department  of  Transportation  a  follow-on  program  to 
complete  certain  flight  control  system  tests  and  evaluations  to  preserve  technical  information 
for  support  of  design  and  development  of  future  airplanes.  The  proposed  program  of  labora¬ 
tory  tests  and  analyses  of  the  quadruple-redundant  horizontal  stabilizer  actuation  system  has 
been  completed  using  a  test  rig  assembled  and  checked  out  just  before  the  SST  program 
cancellation. 


The  most  significant  features  of  the  actuation  system  were  ( 1 )  the  high  force  capability 
for  the  large  aerodynamic  loads,  (2)  the  reliance  on  the  actuator  system  stiffness  (rather  than 
mass  balancing)  to  suppress  flutter,  (3)  the  four-channel  integrated  electronic  stability 
augmentation  servos  needed  because  of  the  aerodynamic  instability  of  the  SST  at  subsonic 
speeds,  and  (4)  the  force  voting  and  equalization  between  the  four  actuators  to  provide  fail- 
operational/fail-safe  redundancy. 

The  tests  reported  herein  determined  static  performance,  dynamic  response,  stability, 
force  synchronization,  bottoming  loads,  static  stiffness,  system  dynamic  (flutter)  stiffness, 
electronically  compensated  stiffness,  failure  detection  and  effects,  and  high  hydraulic  flow 
rate  effects  at  normal  and  abnormal  operating  conditions.  A  linear  mathematical  model  of 
the  actuation  system  and  structure  and  a  digital  computer  program  are  presented  for  analyt¬ 
ically  determining  closed-loop  stability,  closed-loop  frequency  response,  static  and  dynamic 
stiffness,  and  electronically  compensated  stiffness. 
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3.0  SYSTEM  DESCRIPTIONS 


3. 1  PROTOTYPE  SST  PITCH  AXIS  FLIGHT  CONTROL  SYSTEM 


Two  fundamental  decisions  were  instrumental  in  determining  the  flight  control  configu¬ 
ration  for  the  SST: 

1)  The  decision  to  incorporate  a  moderate-aspect-ratio  delta  wing  with  leading  and 
trailing  edge  flaps  for  high  lift/drag  (to  ensure  good  low-speed  performance  and 
low  noise)  required  an  aft  tail  surface  for  trim  and  control. 

2)  To  optimize  airplane  payload/range  performance  (through  reduced  weight  and 
drag),  the  airplane  longitudinal  balance  placed  the  operating  center-of-gravity  (eg) 
range  aft  of  the  longitudinal  stability  neutral  points  for  subsonic  operation,  result¬ 
ing  in  an  unstable  configuration. 

The  requirement  for  minimum  tail  size  dictated  a  high-rate,  all-movable  horizontal 
stabilizer  with  geared  elevators.  The  elevators  are  slaved  to  stabilizer  movement  by  means  of 
constant-ratio  mechanical  linkage  connected  to  the  body  structure  such  that  the  effective 
camber  of  the  horizontal  stabilizer  is  increased  as  a  function  of  stabilizer  deflection  from 
neutral  (see  figs.  I  and  2). 

The  supersonic  performance  advantages  of  having  the  engines  located  on  the  trailing 
edge  of  the  wing  caused  an  airplane  balance  problem  which  would  have  required  an  extension 
of  the  fuselage  forward  to  provide  acceptable  eg  limits  for  stability.  To  shorten  the  fuselage 
.and  minimize  tail  size,  thus  saving  weight  and  improving  aerodynamic  performance,  it  was 
elected  to  locate  the  eg  aft  of  the  maneuver  neutral  point  at  subsonic  speeds.  A  highly  reli¬ 
able  electronic  stability  augmentation  system  was  therefore  required  for  safety  of  flight. 
System  redundancy  was  necessary  to  ensure  that  the  occurrence  of  multiple  failures  resulting 
in  loss  of  function  would  be  an  extremely  remote  possibility.  The  longitudinal  axis  was  con¬ 
figured  using  a  redundant  electronic  system  as  the  primary  means  of  control,  with  a  single¬ 
thread  mechanical  backup  system.  The  requirement  for  safety  and  thus  high  electronic 
integrity  resulted  in  the  development  of  two  systems:  (1 )  the  hardened  stability  augmenta¬ 
tion  system  (HSAS)  and  (2)  the  electric  command  and  stability  system  (ECSS). 

The  longitudinal  flight  control  system  is  shown  schematically  in  figure  3.  Pilot  com¬ 
mands  were  transmitted  from  the  pilots’  controls  by  mechanical  linkage  and  cables  to  the 
master  servo.  The  master  servo  performed  the  function  of  a  force-isolating  boost  servo  and 
was  connected  mechanically  to  the  control  valves  on  the  four  stabilizer  actuators.  An  artifi¬ 
cial  feci  system  was  introduced  near  each  control  column,  with  spring  centering  at  the  master 
servo  input.  Pitch  commands  were  also  transmitted  electrically  via  the  four-channel  HSAS 
and  ECSS  systems  to  the  four  electric  command  (EC)  servos.  The  HSAS  provided  stabiliza¬ 
tion  to  ensure  minimum  safe  handling  qualities;  the  ECSS  to  ensure  normal  handling  quali¬ 
ties.  The  output  of  the  EC  servos  was  mechanically  summed  with  the  output  of  the  master 
servo  at  each  surface  actuator.  Multiple  load  paths  were  provided  from  the  control  columns 
to  the  feel  systems  and  from  the  master  servo  to  the  four  stabilizer  actuators.  Each  of  the 
four  actuators  was  powered  by  a  separate,  independent  hydraulic  system. 


FIGURE  1. -PROTOTYPE  SST 


Top  View 


FIGURE  3.— SCHEMA TIC  OF  LONGITUDINAL  FLIGHT  CONTROL  SYSTEM 


3.1.1  Mechanical  System 

Since  the  control  cable  system  performed  a  backup  control  function  only  and  was  not 
needed  for  normal  operation,  it  was  designed  as  a  single  load  path  system  to  save  weight  and 
space  and  to  minimize  friction.  Because  good  feel  characteristics  were  required  in  the  event 
of  failure  of  the  cable  system,  the  major  portion  of  the  feel  system  was  located  at  the  control 
columns.  A  minor  portion  of  the  feel  system  spring  centering  was  on  the  master  servo  input 
to  center  the  master  servo  and  thus  preserve  the  HSAS  integrity  in  the  event  of  a  cable  break. 
The  forward  portion  of  the  feel  system  was  divided  between  pilot  and  copilot,  with  the 
detent  portion  of  the  system  on  the  pilot’s  column. 

A  set  of  four  position  sensors  were  mounted  on  each  column  and  their  outputs  summed 
to  form  the  HSAS  column  command  signals.  A  pilot-operated  disconnect  was  placed  between 
the  two  columns  to  retain  control  in  the  event  of  a  column  jam. 

In  the  mechanical  reversion  mode,  with  the  airplane  eg  at  the  median  to  forward  loca¬ 
tion,  a  pilot  could  control  the  airplane  safely  without  a  stability  augmentation  system. 

3. 1 .2  Pitch  Trim  Control  System 

Tito  pitch  trim  control  system  utilized  a  servo  actuator  consisting  of  four  »e  servo¬ 
motors  rate  summed  to  produce  one  output.  Use  of  brakes,  no-backs,  and  dual  load  path 
design  avoided  a  single  failure  point  anywhere  in  the  system.  The  speed  trim  commands 
caused  EC  servo  deflections,  which  were  then  offloaded  through  the  “LINC-SYNC"  path  (sec 
fig.  3)  into  the  trim  motor. 

3.1.3  Hardened  Stability  Augmentation  System  (HSAS) 

Since  the  HSAS  was  required  for  minimum  safe  airplane  handling  qualities,  it  had  to  be 
very  reliable.  The  system  design  was  based  on  the  premise  that  the  simplest  design  would  be 
the  most  reliable.  Functions  such  as  pin  scheduling  that  were  nonessentiui  for  safe  flight  and 
reduced  reliability  were  avoided.  The  HSAS  design  had  to  meet  the  following  requirements: 

•  Four  eliannels  of  electronics  and  hydraulics  were  required  to  meet  reliability  goals. 

•  Physical  separation  of  channel*  was  required,  and  channel  interconnections  were 
not  allowed.  No  electronic  cross-channel  voting  was  allowed. 

•  Failure  of  the  ECSS  was  not  allowed  to  affect  the  HSAS  operation. 

Figure  3  shows  the  separation  of  HSAS  and  ECSS  m  the  longitudinal  flight  control 
system,  The  column  position  sensors,  feel  units,  column  disconnects,  and  mm  portions  of 
the  HSAS  have  been  explained  in  (he  preceding  sections. 

The  single  cable  system  was  made  nonessential  for  safe  flight  by  generating  the  total 
surface  command  electrically .  and  then  subtracting  the  mechanical  path  command  to  create 
the  EC  servo  command,  t.e„  the  EC  servo  always  supplied  the  difference  between  the  desired 
surface  command  (electric  command)  and  the  mechanical  path  input.  Hence,  if  the 


mechanical  path  failed,  the  EC  servo  would  command  the  correct  surface  position  until  it 
reached  the  limit  of  its  authority.  The  mechanical  path  command  was  measured  by  the 
negator  transducer  The  output  of  this  transducer  is  labeled  the  “mechanical  path  negator 
feedback”  in  figure  3. 

The  actuator  piston  of  each  EC  servo  drove  the  error  linkage  of  its  own  main  actuator 
and  was  also  coupled  to  the  other  EC  servo  pistons  by  an  external  EC  servo  synchronization 
shaft.  Antijam  detents  were  provided  so  that  any  single  EC  servo  piston  or  linkage  jam  would 
cause  only  one  main  actuator  to  have  an  erroneous  command  signal.  The  failure  was  isolated 
by  depressurizing  the  hydraulic  system  to  the  failed  actuator,  thus  allowing  the  system  to 
continue  operation  on  three  channels. 

Across  each  EC  servo  piston  was  a  bypass  valve  (EC  servo  equalizer  valve)  set  to  operate 
when  the  pressure  across  the  EC  piston  reached  292  psi.  (See  sec.  3.3.2. 1  for  a  description  of 
the  electric  command  servo  equalizer.) 

Without  equalization,  command  offsets  and  tolerances  between  USAS  channels  would 
cause  the  equalizer  valves  to  operate  full  stroke  since  EC  servo  position  errors  could  not  be 
satisfied  with  the  output  of  the  four  channels  connected  by  the  relatively  stiff  synchronizing 
shaft  and  linkage. 

Electrical  and  mechanical  unbalances  between  the  four  EC  servos  were  corrected  by 
feeding  back  to  the  position  loop  a  voltage  proportional  to  the  equalizer  valve  position.  This 
voltage  was  also  integrated  electronically  and  fed  back  to  provide  the  necessary  steady-state 
balancing  input.  The  equalizer  signal  drove  the  integrator  through  an  electrical  threshold. 

This  threshold  prevented  the  equalization  integrators  from  eliminating  the  steady-state  force 
capability  of  the  servos.  The  equalization  integrators  also  served  as  trim  integrators. 

Cross-channel  failure  monitoring  was  used  at  the  points  labeled  “DFD”  and  “SFD.”  The 
DFD  signal  was  used  for  dynamic  failure  detection  and  the  SFD  signal  for  static  failure  detec¬ 
tion,  i.e.,  the  DFD  signal  should  always  have  a  steady-state  value  of  zero  as  long  as  the  servo 
and  the  equalization  loops  are  operational.  Cross-channel  comparison  of  the  SFD  points 
detected  the  static  channel  offsets  plus  the  dynamic  offsets  that  filtered  through  the  equali¬ 
zation  integrators. 

Mechanical  reversion  transients  were  minimized  by  offloading  the  EC  aervo  position 
into  the  mechanical  trim  input.  The  servo  offloading  signal  into  the  trim  motors  is  labeled 
“LINC-SYNC”  in  figure  3.  Any  time  the  EC  servo  position  exceeded  a  value  of  ±0.25°  (equiv¬ 
alent  surface)  for  a  time  interval  longer  than  2  sec,  the  trim  motors  were  commanded  to  run 
in  the  direction  the  servos  were  displaced.  As  the  trim  motors  ran,  the  mechanical  path 
negator  feedback  caused  the  servos  to  retract  towards  center  until  the  servo  displacement  was 
less  than  ±0.2°.  The  EC  synchronizing  shaft  compliance  and  EC  servo  equalizers  kept  the 
actual  mechanical  reversion  transients  to  approximately  ±0. 1°  when  the  servos  were  off¬ 
loaded  within  the  ±0.2°  threshold. 


3.1.4  Electric  Command  and  Stability  System' (ECSS) 

The  ECSS  augmented  the  basic  airplane  to  provide  normal  handling  qualities.  Gain 
scheduling  and  additional  sensors  were  allowed.  Electronic  cross-channel  voting  isolated 
ECSS  failures  from  the  HSAS.  Limiters  set  to  tolerable  hardover  values  were  downstream  of 
all  electronic  voters  to  protect  against  any  unknown  system  output  hardover  failure  condi¬ 
tions.  The  ECSS  was  the  only  system  nonessential  for  safety  which  interfaced  with  the  HSAS. 

3.1.5  Automatic  Flight  Control  System 

Autopilot  flight  director  and  control  wheel  steering  modes  were  provided  by  the  auto¬ 
matic  flight  control  system.  Autopilot  functions  were  tied  into  the  ECSS  in  a  series  fashion, 
with  voting  at  the  automatic  flight  control  system  output  and  ECSS  input  to  isolate  auto¬ 
matic  flight  control  system  failures  from  propagating  into  the  ECSS/HSAS. 

3.2  CONTROLS  DEVELOPMENT  (CODE)  TEST  RIG 

For  the  purpose  of  conducting  developmental  and  verification  tests  of  the  flight  con¬ 
trols  systems  during  the  SST  program,  a  controls  development  (CODE)  test  rig.  or  iron  bird, 
was  constructed.  The  portion  of  the  CODE  rig  for  the  longitudinal  control  system  included  a 
131-in.  section  of  the  aft  body  installed  on  a  support  structure,  with  a  simulated  horizontal 
stabilizer  and  elevators,  a  prototype  actuation  system,  and  a  hydraulic  power  supply  system. 
The  following  is  a  description  of  these  CODE  rig  elements  as  used  in  the  test  program 
reported  herein. 

3.2.1  Structure 

3. 2. 1.1  Support  Structure 

The  steel  structure  (fig.  4)  for  supporting  the  aft  body  section  was  constructed  on  a 
foundation  of  concrete,  steel,  and  piling.  The  aft  body  section  was  cantilever  mounted  from 
a  vertical  plane  at  airplane  body  station  3204.430,  or  50.85 1  in.  forward  of  the  stabilizer 
hinge  line.  The  support  structure  was  designed  as  a  highly  rigid  structure  so  that  compliance 
of  the  aft  body  section  and  the  actuation  system  could  be  referenced  to  essentially  “grounded” 
structure. 

3.2.1 .2  Aft  Body  Section 

The  aft  body  section  (figs.  5,  6,  and  7)  included  all  body  structure  elements  from  body 
station  3204.439  to  3335.04.  The  major  features  included  the  main  bulkhead  at  station  3248 
for  support  of  the  stabilizer  hinges,  the  four  actuators,  and  the  brackets  for  the  EC  servo 
synchronization  shaft  and  mechanical  input  bus  shaft.  Also  included  were  the  master  servo 
mounting  provisions  forward  of  the  3248  bulkhead  and  the  elevator  anchor  link  attach  point 
at  station  3315.486.  The  section  was  built  of  aluminum  regaged  as  necessary  to  duplicate  the 
stiffness  and  strength  of  the  airplane  titanium  structure.  All  dimensional  features  and  toler¬ 
ances  were  the  same  as  those  of  the  airplane. 


/ 


3 . 2 . 1 .3  Stabilizer  and  Elevators 


The  simulated  stabilizer  and  elevators  (figs.  8  and  9)  were  designed  to  have  mass  prop¬ 
erties  similar  to  those  of  the  prototype  with  a  stiffness  to  give  the  same  first-mode  natural 
frequency  as  predicted  for  the  airplane  surfaces.  The  stabilizer  hinge  fittings  and  actuator 
fittings  were  dimensionally  equivalent  to  those  of  the  airplane  configuration,  but  the  outline 
shapes  and  materials  were  altered  to  make  the  construction  more  economical. 

The  elevator  installation  included  the  anchor  link  to  duplicate  the  airplane  elevator  gear¬ 
ing  ratio.  A  pair  of  load  beams  were  attached  to  the  outboard  edges  of  the  stabilizer  to  dis¬ 
tribute  static  hinge  moment  point  loads. 

3.2.2  Actuation  System 

The  actuation  system  (figs.  10  and  1 1)  consists  of  four  actuators  attached  to  the  stabi¬ 
lizer.  These  four  actuators  contained  an  integrated  EC  servo  and  were  commanded 
(1)  mechanically  by  a  mechanical  actuator  via  the  input  bus  shaft,  and  (2)  electrically  by  the 
CODE  servo  electronics  signaling  the  integrated  EC  servo. 

3.2.2. 1  Main  Actuator 

Each  main  actuator  (fig.  1 2)  has  an  output  stroke  of  1 7.4  in.  and  an  effective  area  of 
21 .8  sq  in.  The  nominal  supply  and  return  pressures  arc  41 50  and  1 50  psi,  respectively.  The 
rated  output  force  is  87,000  lb.  The  rated  actuator  velocity  at  1000  psid  pressure  drop  from 
the  manifold  pressure  port  to  return  port  and  200®  F  supply  temperature  is  13.2  it. 2  in./sec. 
The  following  paragraphs  describe  certain  important  components  of  the  actuator. 

Main  Control  Valve  and  Pressure  Feedback™ The  main  control  valve  (fig.  1 3)  is  a  net  lap, 
pilot-operated,  slide  and  sleeve  metering  valve  actuated  by  mechanical  inputs  to  the  pilot 
valve.  A  linear  variable  differential  transformer  (LVDT)  position  sensor  enables  the  valve 
slide  position  to  be  measured  when  the  actuator  is  pressurized. 

The  static  pressure  feedback  device  is  internally  summed  with  the  actuator  input 
(mechanical  or  electrical)  so  as  to  reduce  the  actuator's  effective  pressure  gain. 

Main  Actuator  Relief  I  Bypass  Fia/ve-The  main  actuator  cylinder  retief/bypass  valve 
(figs.  1 4  and  1 5)  is  a  pressure-operated  slide  valve  on  each  main  actuator  cylinder.  It  is  biased 
to  its  center  position  by  preloaded  springs  and  is  actuated  by  comparing  the  main  actuator 
cylinder  pressures  with  the  supply  pressure  (see  fig.  16).  When  a  cylinder  pressure  exceeds 
the  supply  pressure  by  200  ±50  psi,  the  valve  slide  approaches  one  end  of  its  travel  and  will 
begin  to  bypass.  Flow  will  then  occur  from  the  high-pressure  side  to  the  low-pressure  side  of 
the  main  actuator  cylinder.  This  is  known  as  the  "bypass"  position  (see  fig.  17). 

The  valve  will  seek  its  center  position  when  the  supply  and  cylinder  pressures  are  nearly 
equal.  Tills  will  occur  when  the  hydraulic  supply  pressure  is  zero  or  when  a  power  control 
unit  is  misrigged  with  respect  to  the  other  units  so  that  its  cylinder  pressure  is  equal  to  the 
supply  pressure  in  a  static  condition.  The  center  position  of  the  valve  is  referred  to  as  the 
"depressurized"  or  "equal-pressure”  position. 


FIGURE  8.— CONTROLS  DEVELOPMENT  ( CODE 1  TEST  RIG 


FIGURE  9.— SIMULA  TED  STABILIZER  AND  ELEVA  TORS 


FIGURE  10.—ACTUA TOR  INSTALLATION 


FIGURE  11. -ACTUATOR  INSTALLATION  IN  CODE  TEST  RIG 
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Static  pressure  feedback  actuator—*. 
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Return  leakage  cheek  valve—  »■  s. 

2-8  psi  cracking  \ 

500  psi  max  at  5  gpm  N. 
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Redundant  relief  valve 
4800  psi  min  cracking 
6200  psi  max  at  30  gpm 
3000  psi  min  reseat 
(typical) 


Anticavitation  valve 
2-8  psi  cracking 
30  psi  max  at  30  gpm  (100  F) 


—  Main  actuator  relief/bypass  valve 
150-250  psid  cracking  (C-j  -  P$)  or  IC2  -  Fj) 

550  psid  +(Ci  -  C2)  at  12  in./sec  main  actuator  rate 
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Closed 
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0.7  gpm  at  350  psid 
16  24  Vdc 
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15.0V/in.  (1800  Hz  10  Vac  excitation) 
Electric  command  equaii  zer 
Bypan  at  292  psi  (0.9  gpm) 

45.0  Vec/cu  in.  (1800  Hi) 

0.334  sq  in,  x  0.160  in.  stroke 
+  4.5  Vac  for  EC  depressurized 
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Receptacle 


Main  actuator 

21 .8  sq  in.  effective  area 
17.4  In.  stroke 
6.062-In.  bore 
2.097-in.  rod  die 
0.555  Vac/in.  (1800  Hz) 
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FIGURE  12,-MAIN  ACTUATOR 


I .-MAIN  CONTROL  VAL  VE  AND  PRESSURE  FEEDBACK 


FIGURE  14,-MAIN  ACTUATOR  REL IEF/BYPASS  VALVE-SHOWN  CENTERED 


FIGURE  17  -FAILURE  DETECTION  AND  EFFECTS  TEST 


The  valve  slide  will  also  move  in  a  direction  opposite  to  that,  of  the  “over-pressure” 
position  when  the  supply  pressure  exceeds  the  cylinder  pressure.  This  position  is  the 
“pressurized”  position. 

Electric  Command  Servo  Equalizer— The  EC  servo  equalizer  (fig.  1 8)  is  a  spring-detented 
piston/valve  that  provides  the  following  functions: 

•  When  the  EC  supply  pressure  is  on,  the  valve  is  preloaded  to  the  zero  position  for 
EC  servo  differential  pressures  up  to  285  psid.  At  or  above  292  psid  the  bypass 
valve  opens,  allowing  flow  between  both  sides  of  the  EC  piston. 

•  When  the  EC  supply  pressure  is  off,  the  bypass  valve  is  open. 

An  LVDT  position  sensor  is  attached  to  the  valve  to  provide  bypass  and  supply 
ON/OFF  detection  signals  and  to  provide  the  equalization  feedback  signals  to  the  EC  servo 
electronics  (see  sec.  3. 2. 2. 2). 

Main  Valve  Input  Linkage- The  input  linkage  (fig.  19)  mechanically  sums  the  mechani¬ 
cal  input,  the  electrical  input  (EC  piston  position),  and  the  pressure  feedback  position.  The 
output  of  the  linkage  is  the  input  to  the  pilot  slide  of  the  main  control  valve.  The  linkage 
authority  is  such  that  the  EC  piston  can  command  ±1 5°of  stabilizer  with  the  mechanical 
input  at  neutral,  or  +15°  to  -5°  with  the  mechanical  input  at  +10°,  or  +5°  to  -15°  with  the 
mechanical  input  at  -10°.  The  linkage  has  the  capacity  to  transmit  at  least  200  lb  cf  chip 
shearing  force  to  the  pilot  valve. 

3. 2. 2. 2  CODE  Servo  Electronics 

The  CODE  servo  electronics  (CSE)  (figs.  20,  21 ,  and  22)  provide  the  electric  commands 
and  related  electronic  functions  to  the  EC  servo.  Each  of  the  four  CSE  channels  includes  EC 
servo  loop  closing  circuitry,  static  and  dynamic  failure  monitors,  negator  loop,  power  supply, 
sensor  excitation,  test  points,  and  demodulators  for  the  actuator  LVDTs.  The  block  diagram 
on  figure  20  shows  a  typical  CSE  channel. 

3. 2. 2.3  EC  Servo  Synchronization  Shaft 

The  high  stiffness  of  the  synchronization  shaft  forces  the  EC  servo  pistons  to  track  each 
other  closely,  providing  nearly  equal  commands  to  all  four  actuators  (figs.  10  and  1 1).  The 
antijam  detents  specified  for  the  airplane  shaft  were  omitted  on  the  CODE  rig  EC  servo 
synchronization  shaft  in  the  interest  of  economy. 

3.2. 2.4  Mechanical  Input  Bus  Shaft 

The  bus  shaft  provides  four  identical  mechanical  input  commands  to  the  actuators  from 
the  single  mechanical  input  actuator  (master  servo)  (figs,  1 0  and  1 1 ).  The  antijam  detents 
specified  for  the  airplane  bus  shaft  were  omitted  on  the  CODE  rig  for  economy. 


FIGURE  18 -ELECTRIC  COMMAND  SERVO  EQUALIZER-SHOWN  AT  ZERO  POSITION 
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FIGURE  20.-PITCH  CODE  SERVO  ELECTRONICS-FUNCTIONAL  BLOCK  DIAGRAM 

(SHOWING  INPUTS  AND  TEST  POINTS  OF  MONITOR  AND  CONTROL  PANEL ) 


FIGURE  21.  -CODE  CONTROL  CONSOLE 


3.2.2.S  Mechanical  Input  Servo 

The  mechanical  commands  for  the  actuators  were  generated  by  a  3000-psi,  4. 25-in .- 
stroke  hydraulic  powered  position  servo  controlled  by  an  electrohydraulic  valve  (fig.  23). 
The  link  connecting  this  mechanical  servo  to  the  bus  shaft  had  a  linear  detent  to  prevent 
damage  in  the  event  of  inadvertent  bottoming  of  the  main  actuator  control  valve.  This 
actuator  simulated  the  master  servo  and  trim  actuator  mechanical  inputs. 

3.3  HYDRAULIC  POWER  SUPPLY 

3.3.1  Normal-Temperature  Unit 

The  normal-temperature  hydraulic  power  supply  unit  (figs.  24  and  25)  provided  the 
hydraulic  power  requirements  to  the  CODE  rig.  This  unit  had  two  pumps,  each  rated  at 
60  gpm  and  4000  psi,  and  could  be  connected  to  any  combination  of  the  four  actuators  in 
the  rig.  The  heat  exchanger  and  controls  gave  the  unit  the  capability  to  supply  up  to  1 20 
gpm  of  fluid  at  temperatures  from  100°  to  200° F.  The  pressure  could  be  set  at  any  value 
from  1 500  to  5000  psi. 

3.3.2  High-Temperature  Unit 

Tire  high-temperature  hydraulic  supply  unit  (figs  24  and  25)  was  a  modified  normal- 
temperature  unit  using  one  pump  rated  at  60  gpm  and  4000  psi.  The  heat  exchanger  and 
controls  gave  the  unit  the  capability  to  provide  fluid  at  temperatures  from  100°  to  375°  F. 
Tire  plumbing  to  the  unit  was  arranged  such  that  fluid  could  be  supplied  either  to  all  four 
actuators  in  the  rig  or  to  a  single  actuator  while  the  normal-temperature  unit  supplied  the 
other  actuators.  The  pressure  setting  of  this  unit  could  be  adjusted  from  1500  to 
5000  psi. 

3.3.3  Mechanical  Input  Servo  Hydraulic  Supply  Unit 

The  hydraulic  power  required  for  the  mechanical  input  servo  was  provided  by  an  auxil¬ 
iary  portable  hydraulic  power  cart.  This  unit  was  ruted  at  7  gpm  and  3000  psi  and  could  be 
adjusted  at  pressures  from  1 500  to  5000  psi. 

3.3.4  Hydraulic  Fluid 

Ail  three  of  the  above  hydraulic  supply  units  used  a  hydraulic  fluid  per  Boeing  material 
specification  BMS  3-10.  Properties  of  BMS  3-10  are  shown  on  figure  26, 

3.4  LOAD  SYSTEM 

Certain  tests  required  applying  simulated  aerodynamic  loads  up  to  a  significant  per¬ 
centage  of  the  actuation  system's. maximum  hinge  moment  capability  (fig.  27).  The  toads 
were  provided  by  a  pneumatically  powered  toad  system.  Load  links  with  force  transducers 
were  .attached  to  the  stabilizer  load  beams  (see  figs.  8  and  9)  at  any  of  five  locations  from 

40.2  to  1 37.7  in.  aft  of  the  stabilizer  hinge  axis.  The  lower  ends  of  the  links  were  attached  to 
ievers  that  were  pivoted  to  move  parallel  with  the  stabilizer.  Two  pneumatic  actuators 


FIGURE  27,-LOAD  SYSTEM-LEFTSIDE  SHOWN 


attached  to  each  lever  created  hinge  moments  that  tended  to  restore  the  stabilizer  to  the 
neutrai  position.  By  adjusting  the  pressure  on  the  pneumatic  actuators,  hinge  moments  up  to 
about  50%  of  the  actuation  system’s  maximum  capability  were  available. 

3.5  DATA  ACQUISITION  SYSTEM 

3.5.1  Genera) 

The  data  acquisition  system  was  an  analog  type  located  in  the  control  room  about 
200  ft  from  the  test  rig.  Data  trunk  lines  were  in  iron  conduit  to  minimize  noise  pickup 
between  the  data  system  and  the  test  rig. 

3.5.2  Data  System  Accuracy 

The  overall  accuracy  of  recorded  data  was  ±3%  full  scale.  In  some  cases  where  digital 
readout  was  used,  accuracy  was  ±1%  full  scale. 

3.5.3  Certification  and  Traceability  { 

All  data  system  transducers,  signal  conditioners,  amplifiers,  recorders,  and  readouts 
were  periodically  certified  per  established  Boeing  procedures,  and  these  certifications  are 
traceable  to  the  National  Bureau  of  Standards. 

3.5.4  Data  System  Equipment 

The  data  system  equipment  (fig.  28),  located  in  the  control  room,  was  mounted  in  eight 
standard  6-ft  by  1 9-in.  racks  and  interconnected  through  a  system  patch  board  with  remov¬ 
able  cords.  The  specific  configuration  used  to  accomplish  a  given  test  is  recorded  on  a  ’Test 
Setup  Record**  and  is  part  of  Use  permanent  record  for  that  test  plan  (see  document  D6A- 12305) 

.  *  * 

3.5.4.I  Transducers 

•  Pressure  transdueers-strain  pgc  bridge  type; 

,  Standard  Controls  mode!  4102. 0-5000 

•  Standard  Controls  model  650-2,  ±5000  psid 

•  Position,  angular 

•  Computer  Instrument  Corp.  model :  j5  film  potentiometers 

•  Position,  linear 

•  Tranttcck  model  242  and  243,  dc  to  dc  LVDTs 


FIGURE  28.— DATA  ACQUISITION  SYSTEM  BLOCK  DIAGRAM 


•  Strain  gage  load  cells-Baldwin,  Lima,  Hamilton 

•  -  Boeing-applied  strain  gage  installation  on  actuators 
• .  Hydraulic  flows 

,  Impulse  turbine  type-Fisher  Porter  and  Pottermeter 

•  Temperature  : 

.*  Ghromel-alumel  thermocouple  prpbes-Comac  and  Thermoelectric 

3. 5.4.2  Signal  Conditioners 

•  DC  power  and  balance  units,  Sigma  Systems  model  S.C.  61054 

•  DC  signal  amplifiers,  Preston  model  8300 

•  lntegrators-flow  meter,  Anaden  model  PL-408 

3. 5. 4.3  Recorders 

•  Directrite  oscillograph-CEC  model  5-1 33  data  graph 

•  X-Y  plotter-MosIey  model  7001  AR 

•  Temperature  strip  chart-L&N  Speedomax  W 

3. 5.4.4  Readouts  and  Indicators 

•  Digital  voltmeters 

•  H.P.  model  3460 
.  N.L.S.  model  X-2 

•  Preston  model  723 

•  Oscilloscope,  Tektronix  model  RM  503 

•  Frequency  counter,  Anaden  model  CF  600R 


4.0  DESCRIPTION  AND  RESULTS  OF  LINEAR  ANALYSIS  PROGRAM 


4.1  INTRODUCTION 

The  horizontal  stabilizer  actuation  system  was  analyzed  during  the  SST  program  using 
several  digital  programs  and  analog  simulations.  The  linear  analysis  conducted  during  this 
program  used  one  of  the  digital  programs  written  prior  to  termination  of  the  SST.  It  was 
used  to  predict  the  stability,  frequency  response,  and  stiffness  of  the  quadruple  actuation 
system  installed  in  a  complex  structural  model.  In  the  following  discussion,  predicted 
dynamic  performance  is  compared  to  illustrative  test  data. 

The  surface  actuation  system  must  meet  four  basic  requirements: 

•  Adequate  stability  margin  to  guarantee  stability. 

•  Frequency  response  (bandwidth)  capability  for  controlling  the  airplane  in  all  flight 
regimes. 

•  High  stiffness  to  prevent  surface  flutter  in  all  flight  regimes.  High  static  stiffness  is 
also  desired  to  minimize  static  error  under  load. 

•  In  multiple-actuator  installations,  the  synchronization  of  the  actuators  requires 
either  low  static  stiffness  or  very  tight  manufacturing  and  installation  tolerances. 


The  stiffness  requirements  are  sometimes  contradictory  and  not  necessarily  compatible, 
as  explained  in  appendix  A,  and  considerable  theoretical  analysis  is  required  during  the 
design  phase  to  develop  a  satisfactory  configuration.  The  SST  analysis  problem  was  compli¬ 
cated  by  the  “flying-tail”  concept,  with  its  large  aerodynamic  forces,  and  by  the  need  for  a 
lightweight  structure.  Analysis  of  the  problem  required  a  mathematical  model  of  the  hori¬ 
zontal  stabilizer  and  its  surrounding  support  structure. 

4.2  STRUCTURAL  MODEL 

The  test  structure  is  described  and  illustrated  in  section  3.2.1.  The  aft  body  section  was 
intended  to  structurally  duplicate  the  prototype  airframe,  but  the  stabilizer  and  elevators 
were  simpllfed,  having  nw.-*  properties  similar  to  the  prototype,  with  a  stiffness  to  give  the 
same  first-mode  natural  frequency  as  the  prototype.  As  illustrated  in  figures  6  through  9,  the 
structure  is  symmetrical  except  for  the  mountings  of  the  mechanical  input  bus  shaft  and  the 
EC  synchronizing  shaft. 

Tite  structural  model  was  developed  as  a  symmetrical  half-section,  with  attachment 
points  for  two  actuators.  Figure  29  illustrates  the  structural  half-model,  and  shows  the  rela¬ 
tive  locations  of  the  nodes  used  in  the  digital  program.  Nodes  I  through  32  contain  mass 
terms,  whereas  the  remaining  20  nodes  contain  spring  constants  only.  No  structural  damping 
is  included.  The  52  by  52  structural  matrix  is  included  in  appendix  B  for  a  neutral  surface 
position  (6  ®0). 


4.3  ACTUATOR  MODEL 


Referring  to  figure  29,  attachment  points  are  shown  on  the  matrix  for  an  outboard 
actuator  (33,  34  and  37,  38)  and  in  inboard  actuator  (35,  36  and  39,  40).  The  mechanical 
input  is  attached  at  41 , 42  and  42, 43.  Movement  of  the  bus  shaft  rotation  points  is  repre¬ 
sented  by  45,  4b  and  47,  48.  An  outboard  actuator  is  shown  connected  to  its  respective  node 
attachment  points  in  figure  30. 


The  block  diagram  in  figure  31  illustrates  the  linear  model  used  for  the  outboard  and 
inboard  actuators.  The  model  in  figure  31  resembles  the  model  analyzed  itkappendix  A, 
except  that  the  position  feedback  is  now  a  function  of  actuator  rotation,  structural  move¬ 
ment  of  the  mechanical  input  actuator  attachment,  bus  shaft  movement,  and  the  actuator 
housing.  The  simulated  actuators  may  be  commanded  through  either  the  mechanical  input 
actuator  or  an  EC  servo.  The  actuator  equations  and  their  coupling  to  the  structural  matrix 
are  summarized  in  figures  32  and  33.  The  constants  for  the  actuator  equations  are  summa¬ 
rized  in  table  I. 


NOTE: 


There  is  a  difference  of  sign  convention  between  the  above  equations  and  those  of 
appendix  A.  The  former  fit  the  structural  convention  in  which  positive  indicates 
trailing  edge  up.  whereas  the  latter  conform  to  the  convention  of  positive  for  trail¬ 
ing  edge  down.  Therefore,  most  of  the  signs  are  reversed  between  the  two  sets  of 
equations. 


4  4  CLOSED-LOOP  STABILITY 

The  details  of  developing  the  relationship  between  actuator  stiffjHW;tnd  closed-loop 
-•{ability  are  shown  in  appendix  A,  Stability  depends  on  the  static  stiffness  Wing  less  than,  t he 
d\  mimic  stiffness, 


Structural  damping  is  usually  considered  to  he  zero  in  preliminary  analysis,  since  it  is 
difficult  to  determine  untiHhe  structure  is  designed  and  tested.  Structural  damping  ratios  are 
mu  mally  in  the  region  0.01  to  0,t)2.  so  neglecting  structural  damping  adds  a  small  margin  of 
conservatism  to  the  calculated  actuation  system  stability  margin.  \ 

'The  stability  of  the  system  with  elevators  removed  was  computed  at  a  surface  angle  of 
u.tfV.imd  at  '1 5,CJ*t trailing  edge  up)  where the  effective  load  mass  is  maximum.  Oil  tempera* 
tores  of  150° ami  350*  F  were  m-sumed  at  each  surface  position.  For  comparison,  an  cleva- 
tor-installed  ease  was  calculated  at  1 50*  R  ami  0.0*.  The  results  are  summarized  and  com- 
pared  with  measured  test  data  in  table  2,  The  system’s  natural  frequency  anil  damping  ratio  ^ 
decrease  as  (he  surface  ix  mmvd  trailing  edge  op,  but  are  almost  independent  of  oil  v 

tempera  I  ure..  . 

The  measured  natural  frequencies  agree  well  with  the  theoretical  frequencies,  the 
former  being  lowered  by  approximately  0.5  Uz  In  all  eases  ( *  5  / 1  The  calculated  damping 
roups  show  the  same  incremental  changes  as  the  ineasured  data,  and  would  he  nearly  equal  to 
tlie  measured  data  it  the  structural  damping  con  t  film  lion,  were  assumed  to  W  0,01  in  ai) 
theoretical  C4-<*.  '  '•»  • 


FIGURE  30.  -OUTBOARD  ACTUATOR 
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Row  35  I  nboard  Actuator  Housing  Attach  Point 
(Structural  equation)  -  KKXH)  =  0 

Row  37  Outboard  Actuator  Rod  Attach  Point 

(Structural  equation)  -  F|_^  =  0 

Row  39  Inboard  Actuator  Rod  Attach  Point 
(Structural  equation)  -  "  0 

flow  53  Outboard  Actuator  Force 
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FIGURE  32.“ ACTUATOR  EQUA  HONS 


Row  59  Outboard  Piston 
x33  '  *37  +  x59  *  0 
Row  60  Inboard  Piston 
X35  “  X39  +  x60  *  0 

Row  61  Electric  Contend  Servo  Piston  (outboard  =>  inboard) 

XV 

sX61  +  WECX61 '  WEC  ecT77  X62  =  0 

MV 

Row  62  Electric  Command  Servo  Input 
Xg2  *  361  mV/deg  for  EC  input  "on" 

-  0  for  EC  input  "off," 

Row  63  Mechanical  Servo  Output 

sXgg  +  WMX63  *  WM^M  *or  M*ch*nl®al  Servo  "on" 

■  0,  for  Mechanical  Servo  "off" 

Row  64  Scale  Factor  (to  prevent  computer  overflow) 

i<r100xei|»o 

FIGURE  32,-Concluded 

Row  1 

•  62  x  52  structural  matrix 


Row  52 

Row  53 

Outboard  actuator  force 

*0 

Row  54 

Inboard  actuator  force 

Fl 

Row  55 

Outboard  main  valve 

N 

Row  68 

Inboard  main  valve 

V 

Row  57 

Outboard  housing 
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X 

X 

Row  58 

Inboard  housing 

Row  59 

Outboard  piston 

v 

Row  60 

Inboard  piston 

V 

Row  61 

EC  servo  piston 

XEC 

(outboard  *  inboard) 

Row  62 

EC  servo  input 

(outboard  *  inboard) 

Row  63 

Mechanical  servo 

XM 

Row  64 

Note: 

scale  factor 

Signs  do  not  agree  with 
appendix  A  aquations. 
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1. -ACTUATOR  CONSTANTS  FOR  DIGITAL  PROGRAM 

-  area  of  main  piston  (21.8  in.3) 

*  electric  command  servo  input  (361  mV/deg  of  surface) 

-  actuator  spring  (503,000  Ib/in.  at  1 50°  F,  350,000  ib/in.  at  350°F) 
=  actuator  housing  spring  (2.88  x  1 0®  Ib/in.) 

*  oil  spring  (1.14  x  106  Ib/in.  at  150°F,  0.57  x  10®  Ib/in.  at  350°F) 

»  rod  spring  (1.3  x  10®  Ib/in.) 


KR  Koil 
KR  +  Koil 


■  combined  rod  and  oil  springs  (305,000  Ib/in.  at  150°F, 

395, 000  Ib/in.  at  360°F) 

no-load  flow  gain,  main  valve  (1700  in.3/sec/in.) 


valve  displacement  due  to  actuator  rod  displacement,  with  no  structural 
effects  <0.136  in./in.) 

valve  displacement  due  to  mechanical  input  (0.6  in./in.) 

valve  displacement  due  to  load  pressure  feedback  (2.75  x  10  ®  in./psi, 
including  inverse  valve  pressure  gain  of  750,000  psi/in.) 


aiectric  command  sarvo  gain  (0.1732  x  1G'3  in./mV) 
gain  of  linkage  from  EC  servo  to  main  valve  (1 .247  in./ln.) 

valve  displacement  due  to  actuator  housing  displacement  (-0.0054  in./in.) 


“fee 


-  ,  dactra  command  servo  pole  or  break  frequency  (4.77  Hi  •  30  rad/sec) 


WM  '■  mechanical  servo  poia  or  break  frequency  (adjustable) 

Main  valve  displacement  constants  due  to  respective  structural  node  displacement; 


*  *  0.385  in./in. 
*36 

»  *V 0.122 ku/in. 
X40 

»  0.284  in./in. 

-  0.148  iitVln. 

*  0.212  iit/in. 


*  0.492  irtjtfl. 


*46 


*  *  *0.424  inJh. 
*4? 

*  *2L  *  4.148  (Mn. 
X48 


c5  *  •  10  degrees  on  test 


4.5  CLOSED-LOOP  FREQUENCY  RESPONSE 

The  closed-loop  frequency  response  is  one  important  indicator  of  the  system’s  dynamic 
performance,  and  (1)  shows  the  closed-loop  servo  break  frequency  more  accurately  than  a 
step  response,  and  (2)  determines  the  presence  or  absence  of  resonant  frequencies  other  than 
the  system  natural  frequency,  such  as  structural  frequencies  and  hydraulic  line  frequencies. 

The  two  cases  in  figures  34  and  35  illustrate  the  capability  of  the  linear  analysis  to  pre¬ 
dict  the  frequency  response  of  the  hardware.  Test  conditions  such  as  misrigging,  surface 
position,  and  number  of  actuators  powered  do  not  change  the  predicted  frequency  response 
appreciably  since  the  effects  of  the  load  and  the  servo  break  frequency  are  dominating. 

4.6  STIFFNESS 

As  discussed  in  appendix  A  and  section  5.4,  the  term  “stiffness”  in  this  report  refers  to 
the  ratio  of  applied  actuator  force  to  actuator  displacement  regardless  of  frequency,  and  as 
such  is  described  by  a  frequency-dependent  transfer  function. 

The  stiffness  transfer  function  of  the  theoretical  actuation  system  can  be  evaluated 
easily  if  the  structure  is  assumed  to  be  rigid.  The  static  stiffness,  frequency-independent 
dynamic  stiffness,  closed-loop  servo  break  frequency,  and  dynamic  stiffness  break  frequency 
(see  fig.  A-4)  can  be  calculated  according  to  the  equations  of  appendix  A,  and  a  straight-line 
approximation  plotted.  For  example,  using  oil  temperatures  of  1 50° and  350*  F,  and  the 
constants  in  table  1 ,  the  stiffness  frequency  responses  of  figure  36  result. 

Static  stiffness  of  the  actuation  system  is  difficult  to  determine  when  flexible  structure 
is  included.  With  a  flexible  structure,  the  deflections  of  the  structural  feedback  loop  are 
dependent  on  the  location  and  direction  of  load  application.  The  toad  beam  (fig.  29)  was 
designed  to  simulate  application  of  a  normal  aerodynamic  load  along  the  mean  aerodynamic 
chord  and  to  produce  structural  deflections  similar  to  those  derived  from  distributed  aero¬ 
dynamic  loading.  Loads  were  applied  analytically  to  nodes  26  and  30  of  figure  29,  which 
approximated  the  load  application  positions  on  the  test  system  as  described  in  section  5.4.5. 

A  comparison  of  various  computed  and  measured  system  stiffness  values  is  shown  in  table  3. 
Since  the  measured  stiffnesses  on  each  side  of  the  test  rig  were  unsymmetricat,  stiffness 
values  of  the  outboard  and  inboard  actuators  were  averaged  to  obtain  a  value  for  comparison 
with  the  symmetrical  calculation.  The  degree  of  correlation  is  not  very  good.  The  deflections 
of  the  loaded  structure  did  not  agree  with  computed  values.  These  discrepancies  are  discussed 
in  section  5.4.5. 

4.1  ANALYSIS  SUMMARY 

The  linear  analysis  program  demonstrated  the  ability  to  predict  (tie  dynamic  character¬ 
istics  of  a  complex  actuation  system.  The  stability  and  frequency  response  results  correlated 
well  with  the  predicted  data.  Correlation  between  the  predicted  and  treasured  static  stiff¬ 
nesses  was  not  as  good  because  of  discrepancies  between  the  mathematical  model  of  the  pre¬ 
dicted  airplane  structure  and  the  test  structure.  These  discrepancies  are  discussed  in  section  5.4.5. 
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TABLE  3. —COMPA  RISON  OF  COMPUTED  AND  MEASURED  ST  A  TIC  STIFFNESS-FOUR 
ACTUATORS  ON 


Computed 

system  static  stiffness 

Measured 

system  static  stiffness 

Load 

Surface 

position, 

deg 

Feedback 

loop 

Outboard 

actuator, 

ib/in. 

Inboard 

actuator, 

Ib/in. 

Outboard 

actuator, 

Ib/in. 

Inboard 

actuator, 

Ib/in. 

- 

0 

aRigid 

110,000 

110,000 

Distributed 

0 

Normal 

225,000 

225,000 

Force  at  node  26 
(load  position  4) 

0 

Normal 

205,000 

240,000 

Force  at  node  30 
(load  position  1) 

0 

Normal 

. - 

250,000 

260,000 

b347,000 

b340,000 

Structural  effects  removed  from  position  feedback 
^Average  of  two  outboards  and  two  inboards 
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The  use  of  a  half-section  to  represent  a  symmetrical  section  limited  the  capability  of  the 
analysis,  since  it  could  not  be  used  to  study  unsymmetrical  actuator  operation.  Neither  could 
the  effects  of  unsymmetrical  structure  be  included. 

The  linear  analysis  could  not  predict  the  system  static  performance,  since  the  friction 
forces  (nonlinear)  dominate  at  low  frequencies.  Static  performance  can  be  studied  with  a 
low-frequency,  nonlinear  simulation  that  does  not  include  the  complex  structural  matrix. 


5.0  TEST  RESULTS  AND  DISCUSSION 


5.1  STATIC  PERFORMANCE  TESTS 

“Static  performance”  (i.e.,  resolution,  hysteresis,  or  repeatability)  requirements  of  the 
SST  actuation  system  were  very  exacting  due  to  the  necessity  to  suppress  the  limit  cycle 
oscillations  of  the  aerodynamically  unstable  airplane.  Static  performance  may  be  measured 
by  recording  the  system’s  hysteresis  plot,  as  shown  in  figure  37.  By  traversing  the  loop  very 
slowly  to  eliminate  phase  lag  (dynamic  effect),  the  plot  represents  static  performance. 

The  allowable  repeatablity  values  for  the  SST  were  based  on  human  factors  related  to 
the  peak-to-peak  acceleration  loads  resulting  from  airplane  limit  cycling  at  the  short-period 
frequency  of  0.25  Hz.  Table  4  lists  the  human  factor  classifications  pertinent  to  the  SST  and 
the  corresponding  repeatability  requirements.  Preliminary  analysis  had  shown  that  the  pro¬ 
duction  airplane  values  would  be  very  difficult  to  achieve.  However,  the  analysis  included 
many  assumptions,  approximations,  and  linearizations  of  functions,  and  accurate  values 
could  only  be  obtained  from  flight  tests.  Therefore,  the  prototype  airplane  requirement  was 
relaxed  to  0.050°of  peak-to-peak  stabilizer  travel  (0.025  g  peak  to  peak). 

There  are  many  hydraulic  and  mechanical  factors  as  well  as  actuation  system  operating 
conditions  which  degrade  static  performance.  Friction,  linkage  backlash,  nonlinearity  of 
system  gains,  lower  hydraulic  oil  temperature,  and  input  mismatches  or  misrigging  causing 
force  differentials  all  adversely  affect  the  system’s  repeatability. 

5.1.1  Hysteresis  Test-Mechanical  Commands 

5. 1 . 1 . 1  Test  Objective 

Testing  was  conducted  to  investigate  static  performance  under  probable  operating  con¬ 
ditions  such  as: 

•  Nominal  rigging  at  various  stabilizer  positions  and  drive  amplitudes 

•  Misrigging  retract  and  extend  directions 

•  Nominal  rigging  with  hydraulic  fluid  temperature  of  325*  F 

•  Misrigging  and  hydraulic  fluid  temperature  of  325*  F 

•  Misrigging  on  one  actuator  and  loss  of  hydraulic  power  to  one  other  actuator 

5. 1 . 1 .2  Test  Description 

Tests  were  conducted  by  commanding  the  actuates  with  the  mechanical  input  servo. 
All  tests  were  conducted  with  a  triangle  wave  shape  of  ±0.5* or  ±2.0* stabilizer  travel  at 
0.02  cps.  Various  stabilizer  displacements  were  obtained  by  biasing  the  command  to  the 
desired  angle  and  superimposing  the  cyclic  command. 


FIGURE  37.~'$YSTEM  HYSTERESIS  PLOT 


TABLE  4.-SST HUMAN  FACTORS  CLASSIFICA T/ONS 
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classification 

Established  values 
-  for  SST  : 

Production  ^ 
airplane 
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0.008 

o;oo4 

Threthald  of 
percapfiblllty 

Goal  . 

0,020  v 

0.010 

.  "  ;  - 

Requirement 

— 

0.040 

0.020 

Perceptible, 
but  not 
unpleasant 

- 

0.050 

0.025 

- 

- 

Requirement 

Not#:  AM  value#  «r#  bated  on  the  SST  short-period 
frequency  of  0.25  Hz 


Nominal  rigging  tests  were  conducted  by  adjusting  the  length  of  the  input  link  from  the 
bus  shaft  to  each  actuator  to  obtain  an  output  force  within  200  psid  of  the  average  load 
pressure  of  all  four  actuators.  For  these  nominal  rigging  tests,  the  EC  servo  was  off.  Mis- 
rigging  was  simulated  in  channel  four  through  the  EC  servo. 

5. 1.1. 3  Test  Results 

The  test  results  are  shown  in  table  5.  Representative  hysteresis  plots  are  shown  in  fig¬ 
ure  38.  Except  for  repeatability  error  magnitudes,  as  shown  on  table  5,  all  plots  are  similar  in 
shape  indicating  no  linkage  binding  or  excessive  friction. 

Misrigging  one  actuator  to  produce  the  800-psi  allowable  limit  for  force  differential 
between  actuators  was  expected  to  cause  a  degradation  in  repeatability,  but  the  test  results 
presented  no  clear  trend  of  degradation.  Although  the  rigging  adjustments  were  within  the 
prescribed  limits,  the  variations  within  these  limits  were  sufficient  to  masked  expected 
degradations. 

When  hydraulic  power  to  an  actuator  was  turned  off  together  with  misrigging  of 
another  actuator  to  allowable  limits,  degradation  was  apparent,  but  only  for  ±2.0*excur- 
sions.  Two  cases  were  run  for  ±0.S0°excursion,  and  the  results  were  inconclusive..  The  reason 
for  the  large  degradation  at  ±2.0°  is  not  clear  but  may  have  been  caused  by  backpressure  in 
the  unpressurized  actuator.  Since  the  main  servovalve  is  piloted,  the  valves  of  unpressurized 
actuators  do  not  follow  the  input  command.  If  leakage  is  not  equivalent  to  backdrjving  flow, 
backpressure  must  be  built  up  in  an  unpressurized  actuator  to  either  cause  the  bypass  valve 
to  operate  or  to  seif-enorgize  the  pilot  valve.  This  additional  load  would  further  degrade  the 
repeatability. 

An  increase  of  oil  temperature  from  150*  to  325*  F  caused  a  slight  improvement  in 
static  performance.  The  higher  temperature  reduces  the  viscosity  of  the  oil,  which  tends  to 
reduce  the  friction  within  the  actuator.  - 

The  performance  degradation  due  to  stabilizer  position  (trailing edge  10* up)  could  only 
be  seen  for  test  runs  at  a  cyclic  amplitude  of  *2.0*.  Some  slight  reduction  in  static  perform¬ 
ance  was  expected  due  to  accumulation  of  minor  geometry  changes,  such  as  a  10%  reduction 
in  moment  arm  and  a  20%  increase  in  actuator  steady*state  gain.  These  could,  if  added  in  the 
most  adverse  direction,  account  for  30%  to  67%*  degradations. 

5. 1.1.4  Conclusion 

The  measured  repeatability  of  0.028*  of  stabilizer  angle  for  four-channel  operation  at 
325®  with  nominal  rigging  (vs  the  SST  requirement  of  0.05(f)  indicates  that  the  system 
would  meet  the  prototype  airplane  performance  requirements  during  operation  in  the  normal 
mode. 

The  small  degradation  in  repeatability  4u<$  to  the  combined  effects  of  oil  temperature, 
stabilizer  position  changes,  cyclic  command  amplitudes,  unpowered  actuators,  and  misrigging 
indicate  that  the  performance  of  the  system  would  be  sufficient  to  meet  the  overall  design 
requirements  of  the  prototype  airplane.  This  is  especially  true  in  the  case  of  small  commands 
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TABLE  5.-ACTUA  TOR  SYSTEM  REPEA  T, ABILITY  TEST  RESUL  TS-MECHANICAL  COMMAND 


Mechanical  command 


FIGURE  38.  —ACTUA  TOR  SYSTEM  HYSTERESIS  TEST  RESUL  TS-MECHANICAL  COMMAND 


(±0.5°),  which  is  considered  the  condition  most  often  encountered.  Larger  travels  at  large 
stabilizer  angles  are  the  exception,  and  the  larger  hysteresis  exhibited  there  is  not  considered 
typical  for  the  major  portion  of  high-speed  flight. 

5.1.2  Hysteresis  Test-Baseline  Electrical  Commands 

5. 1.2.1  Test  Objective 

The  objective  of  this  test  was  to  determine  the  baseline  static  performance  of  the 
actuation  system  commanded  electrically  for  four-,  three-,  and  twb-channel  operation  with 
hydraulic  fluid  temperatures  of  1 50° and  325°  F. 

5. 1.2.2  Test  Description 

Tests  were  conducted  by  electrically  commanding  the  actuator  with  a  function  gener¬ 
ator.  The  command  was  applied  to  all  four  channels  and  the  tests  conducted  with  a  triangle 
wave  shape  of  ±1°  stabilizer  angle  at  0.02  Hz. 

Adjusting  EC  servo  bias  voltages  on  each  channel  obtained  EC  servo  force  synchroniza¬ 
tion  within  25  psirt  for  both  the  1 50°and  325°  F  cases.  For  the  three-  and  two-channel  opera¬ 
tion,  the  appropriate  EC  servo  solenoid  shutoff  valves  were  closed;  the  hydraulic  supply  to 
the  main  actuator  was  left  on, 

5. 1.2.3  Test  Results 

The  test  results  are  shown  on  table  6.  Representative  hysteresis  plots  of  certain  tests  are 
shown  on  figure  39.  Except  for  repeatability  magnitude  as  shown  on  table  6,  all  X-Y  plots 
were  similar  in  shape. 

The  repeatability  of  the  actuator  system  is  significantly  degraded  for  electrical  input 
command  over  the  mechanical  command  with  four  active  channels.  This  degradation  is 
attributed  to  the  abnormally  low  servovalve  pressure  gain  resulting  from  the  EC  servo  piston 
leakage. 

This  abnormal  performance  resulted  from  a  reduction  of  the  EC  servo  piston  land 
lengths  by  the  actuator  vendor  to  meet  a  friction  requirement  of  10  lb  maximum.  The 
reduced  land  lengths  allowed  more  fluid  leakage  and  decreased  the  effective  pressure  gain  of 
the  servovalve  around  null.  Since  static  performance  tests  were  conducted  around  null,  some 
degradation  and  nonlinearity  of  the  performance  was  expected.  Unacceptably  high  EC  servo 
friction  had  resulted  from  cocking  of  the  EC  servo  pistons  in  the  cylinders  due  to  buckling 
of  the  compression  loaded,  asymmetric  member  connecting  the  EC  servo  pistons.  A  proper 
design  fix  on  the  connection  member  (instead  of  reducing  land  lengths)  Itad  been  initiated  by 
tlie  vendor  at  the  time  of  cancellation  of  the  SST  program. 

Repeatability  for  three  channels  of  EC  servo  operation  was  slightly  degraded  due  to  the 
load  of  the  dead  channel  on  the  three  active  channels.  Further  degradation  in  surface  repeat¬ 
ability  was  experienced  with  two-channel  operation. 
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TABLE  6.- ACTUATION  SYSTEM  REPEATABILITY  TEST  RESUL  TS  -±/° 
ELECTRICAL  INPUT.  NO  OFFSETS 


EC  servo 
channels  on 

Hydraulic  fluid  temperature.  °F  | 

_ 160 _ 1 

328  I 

|  Repeatability,  stabilizer  deg  1 

1.2. 3.4 

0.078 

0.060 

2.3.4 

0.082 

- 

3.4 

0.10 

0.090 

1.4 

0.10 

- 

1.2 
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0.10 
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SURE  39  - ACTUATOR  SYSTEM  HYSTERESIS  TEST  RESUL  TS-ELECTR/CAL  INPUTS; 
NOOFFSETS 


5. 1.2.4  Conclusion 


The  measured  repeatability  under  electrical  commands  at  normal  operating  conditions 
very  nearly  met  the  SST  required  repeatability  of  0.050°.  Had  the  effective  EC  servo  pressure 
gain  met  the  specification  requirement,  the  repeatability  would  certainly  have  been  improved. 

The  small  degradations  in  the  repeatability  due  to  the  off-normal  conditions  of  1 50°  F 
temperature  and  three-  and  two-channel  operation  are  considered  acceptable.  The  degrada¬ 
tion  in  system  performance,  in  the  case  of  the  two-channel  operation  which  is  classified  as  a 
double  failure,  the  degradation  in  system  performance  would  be  compatible  with  the  reduced 
airplane  performance  permitted  for  this  failure  condition. 

5.1.3  Hysteresis  Test-Electrical  Commands  With  Equalization 

5. 1.3.1  Test  Objectives 

Tire  first  objective  of  this  test  was  to  determine  static  performance  of  the  actuation 
system  with  steady-state  electrical  command  offsets  and  the  following  equalization  modes: 

•  No  equalization 

•  Proportional  equalization  only 

•  Integral  equalization  only 

•  Proportional  and  integral  equalization 

The  second  test  objective  was  to  determine  if  the  force  differential  between  main  actu¬ 
ators  met  the  specification  allowable  of  130  psid  with  a  steady-state  electrical  command  off¬ 
set  without  equalization. 

5.1 .3.2  Test  Description 

Tire  performance  leasts  were  conducted  by  electrically  commanding  ail  four  EC  servos 
with  a  triangular  wave  shape  of  ±t*of  stabilizer  angle  at  0.02  Hz.  Superimposed  on  the  com¬ 
mand  signal  Were  +1*  offsets  to  channels  1  and  3,  and  -1°  offsets  to  channels  2  and  4. 

The  nmin  actuator  force  differential  tests  were  conducted  by  engaging  all  EC  servo 
channels  with  equalization  off  and  signaling  one  channel  at  a  time  with  steady-state  input 
of  il*.  The  actuator  pressure  was  manually  recorded  at  0.5°  and  1°  signal  levels. 

5. 1. 3 J Test  Results 

Performance  rest  results  are  shown  in  table  7  and  figure  40.  Four-channel  repeatability 
degraded  compared  to  the  baseline  data  (see  see.  5.1 .2).  Degradation  was  due  to  the  friction 
and  force  differential  between  the  actuators  caused  by  the  EC  servo  output  differences  as 
allowed  by  the  compliance  of  Ute  synchronization  shaft  and  linkage. 
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Further  degradation  with  three-EC-servo-channel  operation  was  due  to  the  effect  of  the 
mechanical  centering  cam  toad  of  the  depressurized  channel  on  the  three  remaining  EC  servo 
actuators. 

Two-channel  operation  with  opposite  offsets  in  the  operating  channels  and  equalization 
off  produced  a  surface  dead  zone  approximately  equivalent  to  the  value  of  electrical  offsets. 
This  resulted  from  the  equalization  detent  and  the  centering  cam  acting  as  a  mechanical 
third-channel  voter. 

Actuator  repeatability  improved  when  the  proportional  equalization  loop  was  closed  for 
four-  and  three-EC-servo-channel  operation.  The  proportional  loop  prevented  the  equaliza¬ 
tion  detent  from  bypassing  and  thereby  slightly  reduced  the  force  difference  between  the 
EC  servos.  - 

integral  equalization  further  improved  the  system  repeatability  and  eliminated  the  dead 
zone  noted  above.  Integral  equalization  commanding  the  EC  servos  to  move  in  the  proper 
direction  reduced  the  forces  in  the  synchronizing  shaft. 

The  main  actuator  incremental  force  differential  due  to  the  unequalized  offsets  was 
820  psi  and  resulted  from  the  deflections  of  th  EC  servo  synchronization  shaft  and  linkage 
as  illustrated  in  figure  41 .  A  typical  stiffness  value  measured  for  a  single  channel  being 
restrained  by  three  channels  was  8250  Ib/in.  Had  the  EC  synchronization  shaft  stiffness  (Kj) 
met  the  design  requirement  of  70,000  lb /in,,  the  main  actuator  force  differential  would  have 
been  about  1 30  psid.  A  stiffer  synchronizing  shaft  would  also  have  resulted  in  even  smaller 
surface  transients  due  to  failures, 

5. 1.3.4  Conclusions 

The  measured  repeatability  of  0,075*  of  stabilizer  angle  for  four-  and  three-channel 
operation  with  offsets  and  equalization  is  essentially  the  same  in  comparison  to  the  baseline 
repeatability  data  without  offsets.  Therefore,  it  is  concluded  that  the  tested  equalization 
concept  is  feasible  and  could  meet  the  established  SSI'  repeatability  requirement  of  O.05G*of 
stabilizer  by  correcting  the  effective  EC  servo  pressure  pin  (see  sec.  5. 1 .2), 

The  820-pdd  system  main  actuator  force  differential  with  offset  electrical  commands 
exceeded  the  1 30-psld  allowable,  However,  had  the  stiffness  of  the  EC  servo  synchronization 
shaft  and  linkages  met  design  requirements,  the  main  actuator  force  synchronization  would 
have  been  within  allowable  limits, 

5.2  DYNAMIC  PERFORMANCE  AND  STABILITY  TESTS 

A  series  of  tests  were  performed  to  determine  the  dynamic  response  characteristics  of 
the  system,  These  consisted  of  step  and  frequency  response  tests  using  mechanical  and  elec¬ 
trical  commands. 

Tests  were  carried  out  at  both  140*and  350* F.  The  140*F  tests  provided  a  baseline 
definition  of  the  stability  of  the  systetu,  A  number  of  the  tests  were  repeated  at  350*  F  to 
evaluate  the  effect  of  increasing  the  fluid  temperature  on  system  stability.  Increasing  the 


FIGURE  41.-EC  SERVO  (ECS)  SYNCHRONIZATION  SHAFT  AND  LINKAGE  STIFFNESS 


fluid  temperature  reduces  its  bulk  modulus  and  hence  reduces  the  dynamic  stiffness  of  the 
actuators.  Since  the  margin  of  stability  of  the  system  is  directly  proportional  to  dynamic 
stiffness,  an  increase  in  the  fluid  temperature  tends  to  reduce  the  stability  of  the  system. 

All  of  the  tests  were  at  a  no-load  condition  with  small  input  perturbations  in  order  to 
stay  in  the  linear  operating  region  so  that  the  effects  of  the  valve  flow  gain  and  flow-pressure 
coefficient  on  the  system  response  at  the  point  of  their  maximum  influence  could  be  exam¬ 
ined.  At  no-load,  the  valve  flow  gain  is  at  its  maximum,  giving  the  highest  system  gain.  At 
small  valve  openings,  the  flow-pressure  coefficient  is  at  or  near  its  minimum,  giving  a  low 
damping  ratio.  Hence,  for  stability  considerations,  the  no-load  and  small  main  actuator  con¬ 
trol  valve  opening  conditions  are  very  important. 

The  pressure  feedback  employed  on  each  of  the  actuators  is  a  means  of  providing  sys¬ 
tem  stability.  Pressure  feedback  reduces  the  effective  pressure  gain  of  the  installed  actuator. 
Static  stiffness  of  the  actuator  is  directly  proportional  to  the  effective  pressure  gain,  and  the 
margin  of  stability  is  inversely  proportional  to  the  static  stiffness.  Thus,  a  decrease  in  the 
effective  pressure  gain  of  the  installed  actuator  through  pressure  feedback  will  lower  the 
static  stiffness  and  increase  the  margin  of  stability. 

Of  particular  interest  is  the  effect  of  pressure  feedback  piston  friction  on  actuator 
stability.  Friction  introduces  pressure  feedback  piston  hysteresis,  which  increases  the  actu¬ 
ator  effective  pressure  gain.  Jamming  of  the  pressure  feedback  piston  drastically  increases  the 
effective  pressure  gain.  The  SST  design  required  system  stability  with  two  pressure  feedback 
devices  jammed. 

At  the  beginning  of  these  tests,  the  reflected  load  to  the  actuators  had  mass  properties 
and  a  load  stiffness  with  the  same  first-mode  natural  frequency  as  the  SST  prototype. 

Because  a  failure  of  test  structure  representing  the  SST  prototype  elevators  occurred 
during  a  frequency  response  test,  the  elevators  were  removed.  It  was  recognized  that,  on 
some  of  the  tests  that  followed,  the  change  in  spring-mass  would  not  have  any  effect.  On 
those  tests  where  results  would  be  affected  by  the  removal  of  the  elevators,  the  incremental 
changes  could  be  accounted  for  in  the  analysis  of  test  results. 

5.2.1  Test  Objectives 

The  objective  of  this  test  was  to  determine  the  dynamic  response  characteristics  of  the 
actuation  system.  The  characteristics  of  interest  were  the  system  damping  ratio,  break  Ire- 
quencies  of  the  main  actuators  and  the  electric  command  servos,  the  system  damped  natural 
frequency,  and  the  first-mode  damped  natural  frequency.  These  test  data  were  then  com¬ 
pared  with  analytical  predictions. 

5.2.2  Test  Description 

Theoretically,  the  system  natural  frequency  and  damping  ratio  can  be  determined  by 
observing  the  time  response  of  either  the  actuator  rod  position  or  load  pressure.  The  load 
pressure  traces  were  a  more  sensitive  indicator  of  damping  ratio,  since  pressure  is  propor¬ 
tional  to  rod  acceleration.  The  load  pressure  traces  were  not  identical  on  all  four  actuators, 


and  the  system  damping  ratio  was  determined  by  averaging  the  ratios  derived  from  each  of 
the  load  pressure  traces. 

Frequency  responses  of  the  stabilizer  position  (left  and  right)  were  run,  but  the  asym¬ 
metry  of  the  structure  caused  the  respective  amplitude  ratios  to  vary  more  than  2  to  1  in  the 
region  of  the  system  natural  frequency.  Harmonics  and  subharmonics  also  appeared  on  the 
stabilizer  positions.  Therefore,  the  actuator  rods  were  better  suited  for  condition  compari¬ 
sons  and  comparison  with  the  analytical  results.  Frequency  responses  are  plotted  using  the 
number  1  rod  position.  The  plots  of  the  other  rods  were  not  identical,  but  the  differences 
were  negligible. 

The  system  natural  frequencies  in  the  test  results  were  read  from  the  apparent  peak  of 
the  frequency  response  plots,  and  are  usually  lower  than  the  system  natural  frequencies  read 
from  the  step  response  data  in  table  3  (sec.  4.0).  The  difference  is  attributed  to  the  nonlinear 
effects  in  the  frequency  response  data.  For  example,  the  data  showed  that  the  main  valve 
position  was  exceeding  the  linear  region  of  flow  gain  as  the  system  natural  frequency  was 
approached. 

Step  response  tests  with  nonlinearities  in  the  pressure  feedback  loop  were  performed  by 
attaching  friction  or  locking  devices  to  the  pressure  feedback  pistons  on  one  or  more  of  the 
actuators.  These  devices  were  mechanical  and  could  be  adjusted  to  a  given  value.  Before  each 
test,  a  force  vs  displacement  plot  was  made  for  the  pressure  feedback  piston  to  establish  that 
the  friction  device  had  been  adjusted  correctly  (see  figs.  42  and  43),  A  locking  device  was 
attached  to  the  piston  and  clamped  to  the  actuator  body  to  simulate  a  jammed  pressure  feed¬ 
back  piston. 

Frequency  response  tests  were  conducted  using  both  mechanical  and  electrical  com¬ 
mands  with  the  test  equipment  illustrated  in  figure  44.  One  electrical  command  test  was  :un 
after  the  EC  loop  gain  had  been  increased  from  30  to  60  rad/sec  to  evaluate  the  margin  of 
stability  of  the  EC  servo.  Selected  tests  were  also  conducted  for  various  combinations  of 
active  (hydraulic  power  on)  main  actuators  and  various  numbers  of  active  EC  servos. 

A  digital  computer  provided  an  analog  command  signal  to  the  controls  development  test 
system.  Specific  parameters  were  measured  and  returned  to  the  digital  computer  via  the 
instrumentation  system.  Amplitude  ratio  and  phase  angle  were  computed  and  plotted  auto¬ 
matically  in  the  form  of  Bode  diagrams.  The  computer  program  allowed  the  test  engineer  to 
specify  the  frequencies  of  interest,  the  amplitude  of  the  command,  and  the  parameters  to  be 
evaluated. 

5.2.3  Test  Results 

The  initial  step  and  frequency  response  tests  using  mechanical  commands  were  run  with 
the  elevators  installed  (figs.  45  and  46).  From  these  tests  it  was  determined  that  the  system 
damping  ratio,  £,  is  0,021,  the  break  frequency  is  1.8  Hz  for  the  main  actuators,  the  system 
damped  natural  frequency  is  6.9  Hz,  and  the  first-mode  natural  damped  frequency  is  7.9  Hz. 
These  values  compare  very  well  with  the  predicted  values,  Tests  were  extended  to  26  Hz  to 
investigate  a  resonance  expected  at  about  1 8  Hz.  The  tebt  data  do  not  show  a  resonance,  but 
a  discontinuity  at  approximately  18  Hz  indicutes  the  presence  of  a  highly  damped  pair  of 


FIGURE  42.  —STEP  RESPONSE  TEST-PRESSURE  FEEDBACK  PISTON  FRICTION  (10  LB) 


ratio,  dB 


poles  and  zeros  (see  fig.  46).  Frequencies  above  1 6  Hz  were  eliminated  after  the  initial  testing 
because  it  was  determined  that  the  higher  frequency  modes  were  insignificant. 

The  system  damped  natural  frequency  and  the  first-mode  natural  damped  frequency 
were  each  1  Hz  lower  than  the  predicted  values.  This  indicates  that  the  spring-mass  combina¬ 
tion  of  the  test  system  would  have  to  be  increased  by  approximately  23%  to  simulate  the 
equivalent  SST  system.  Examination  of  the  mechanical  input  bus  shaft  response  clearly 
shows  that  structural  deflections  affect  the  bus  shaft.  Response  to  these  deflections  consti¬ 
tutes  an  input  to  the  valve  in  a  destabilizing  sense. 

The  difference  between  the  measured  damping  ratio,  £,  of  0.021  and  the  theoretical 
value  of  0.01 7  is  largely  due  to  the  absence  of  the  structural  damping  in  the  theoretical 
analysis.  s. 

Step  and  frequency  response  tests  with  the  elevators  removed  showed  that  the  modified 
system  damped  natural  frequency,  first-mode  damped  natural  frequency,  and  system  damp¬ 
ing  ratio  were  1 1 .5  Hz,  1 2.5  Hz,  and  0.025,  respectively.  The  break  frequency  of  the  main 
actuators  is  not  affected  by  the  change  in  the  spring-mass  of  the  load  (see  figs.  47  and  48). 
The  change  in  the  characteristics  noted  above  are  the  result  of  a  reduction  in  the  load  mass 
by  approximately  75%  and  in  the  load  spring  by  approximately  35%. 

Increasing  the  hydraulic  fluid  temperature  from  140°  to  350°F  reduced  the  system 
damped  natural  frequency  from  1 1 .5  to  1 1 .0  Hz  (see  figs.  49  and  50).  This  reduction  was  a 
result  of  a  lower  oil  spring  rate  due  to  the  reduction  in  bulk  modulus  of  the  oil  at  higher 
temperatures.  The  increase  in  phase  angle  was  due  to  the  increased  separation  of  the  system 
#  natural  damped  frequency  and  load  natural  damped  frequency. 

With  the  stabilizer  in  the  -10°(trailing  edge  up)  position,  the  system  damping  ratio 
decreased  slightly  from  0.025  to  0.016  at  140°  F  and  from  0.022  to  0.01 7  at  350°  F  (see 
figs.  47, 49,  5 1 ,  and  52  and  table  8).  This  is  the  result  of  increased  static  stiffness  of  the 
installed  actuators  at  this  stabilizer  position,  which  offsets  the  increase  in  the  damping  ratio 
caused  by  the  increased  effective  mass  and  the  increased  oil  spring  rate  when  the  actuator 
piston  is  near  the  end  of  its  stroke. 

A  frequency  response  test  using  an  electric  command  established  the  electric  command 
break  frequency  at  4.77  Hz  and  was  in  agreement  with  the  predicted  value  (see  fig.  53).  The 
attenuation  of  the  amplitude  ratio  and  increased  phase  shift  of  the  system  were  consistent 
with  addition  of  the  EC  command  first-order  system.  Increasing  the  EC  command  loop  gain 
from  30  to  60  rad/sec  did  not  significantly  reduce  the  margin  of  stability  of  the  EC  servo 
(fig.  54). 

When  the  friction  was  increased  on  two  of  the  four  pressure  feedback  pistons,  the 
damping  ratio  of  the  system  decreased  as  the  magnitude  of  the  friction  force  was  increased 
(see  figs.  55,  56,  and  57).  As  shown  in  figure  55,  a  10-lb  friction  force  on  two  of  the  four 
pressure  feedback  pistons  decreased  the  system  damping  ratio  from  0.025  to  0.008.  At  a 
friction  level  of  20  lb  on  two  pistons,  as  shown  in  figure  56,  the  system  went  into  a  limit 
cycle  at  its  natural  frequency.  The  magnitude  of  the  differential  pressures  across  the  main 
actuator  pistons  varied  by  600  and  750  psi,  respectiveiy,  peak  to  peak  on  the  actuators  with 
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FIGURE  49.— STEP  RESPONSE  TEST-ELEVA  TORS  REMOVED,  f =  0.022 


.  Phase  angle,  deg  . 


FIGURE  51-STEP  RESPONSE  TEST-ELEVATORS  REMOVED,  0.016 


FIGURE  52.  -STEP  RESPONSE  TEST-ELEVA  TORS  REMO  VED,  1=0.017 


TABLE  8.-STEP  RESPONSE  TEST-MECHANICAL  COMMAND.  ELEVATORS  REMOVED 
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FIGURE  53.—CLJSEDL00P  FREQUENCY  RESPONSE-ELECTRICAL  COMMAND , 
ELEVATORS  REMOVED,  HYDRAULIC  FLUID  TEMPERATURE  t40'F 


FIGURE  56  -STEP  RESPONSE  TEST-20  LB  FRICTION  FORCE  ON  ACTUATOR  1  AND  4 
PRESSURE  FEEDBACK  PISTONS 


pressure  feedback  friction  devices  installed.  The  decrease  in  the  stability  of  the  system  when 
the  friction  force  is  increased  on  the  pressure  feedback  pistons  is  caused  by  the  hysteresis  of 
the  pressure  feedback  piston  as  shown  in  figures  42  and  43.  Within  the  deadband  of  the 
hysteresis,  there  is  no  pressure  feedback  to  the  main  servovalve.  As  a  result  the  effective  pres¬ 
sure  gain  of  the  actuator,  the  static  stiffness  is  increased  by  a  factor  of  20  and  the  margin  of 
stability  is  reduced  accordingly.  The  system  also  limit  cycled  when  one  pressure  feedback 
was  locked  out  as  shown  in  figure  57. 

5.2.4  Conclusions 

Stability  tests  using  mechanical  and  electrical  commands  have  demonstrated  that  the 
control  system  dynamic  response  characteristics  compare  favorably  with  those  predicted  by 
theoretical  analysis.  The  differences  between  the  test  results  and  the  analytical  predictions 
were  due  to  characteristics  of  the  test  structure  external  to  the  actuators.  The  test  structure 
did  not  duplicate  the  SST  mathematical  model  representing  the  stabilizer  and  elevators.  It 
was  also  demonstrated  that  pressure  feedback  piston  friction  or  a  locked  pressure  feedback 
piston  can  cause  a  limit  cycle  in  the  system.  The  system  cannot  tolerate  a  hysteresis  charac¬ 
teristic  in  the  pressure  feedback  loop,  since  within  the  hysteresis  loop  pressure  feedback  is 
zero,  resulting  in  a  large  increase  in  the  effective  pressure  gain  and  a  consequent  decrease  in 
stability  margin.  Friction  effects  are  insidious  since  they  are  not  controllable  or  predictable, 
Artificially  controlling  actuator  stability  by  pressure  feedback  requires  special  care  in  the 
design  of  such  a  device. 

Although  the  system  did  not  meet  the  SST  requirement  lor  stability  with  two  pressure 
feedbacks  Jammed,  increasing  the  pressure  feedback  gain  on  ait  actuators  would  have  pro¬ 
vided  the  required  stability.  However,  raising  the  gain  lowers  the  static  stiffness  of  the  system 
and  this  could  have  had  a  detrimental  effect  on  flutter  stiffness. 

5.3  FORCE  SYNCHRONIZATION  TESTS 

One  of  the  fundamental  design  considerations  of  a  multiple  actuator  installation  is  to 
find  a  means  of  keeping  the  actuators  tracking  or  force  synchronized.  By  minimizing  the 
tracking  error  or  equalizing  force  sharing,  the  structural  design  is  improved  from  the  stand¬ 
point  of  lower  weight  and  greater  fatigue  life.  Tire  design  objective  for  this  installation  was  to 
control  the  fabrication  and  installation  tolerances  of  the  actuator,  external  linkage,  and 
mounting  structure  so  that  each  actuator  could  be  installed  without  any  figging  adjustments 
and  yet  maintain  force  synchronization  within  20%  of  the  rated  force.  The  force  synchroni¬ 
zation  requirement  was  that  the  force,  F,  developed  by  any  one  actuator  would  not  differ 
from  the  average  force.  FA,  of  alt  four  actuators  by  more  than  ±20%  of  the  rated  force,  Fr. 
of  a  single  actuator.  Rated  force  is  that  force  developed  by  an  individual  actuator  at 
4000  psid.  That  is,  (P  -  F^)/A  “  0.20  Fr/A  a  800  psl  maximum.  Statically  the  force  devel¬ 
oped  by  an  actuator  depends  on  the  position  and  pressure  gain  of  the  main  servovalve.  Due 
to  the  random  nature  of  installation  and  control  element  tolerances,  the  act  uators  of  a  mul¬ 
tiple  parallel  actuator  installation  seldom  have  equal  servovalve  displacements.  Differential 
deflections  due  to  the  nonuniformity  of  the  actuator  mounting  structure  also  affect  the  main 
servovalve  position,  which  results  in  further  force  missynchronization. 

Tim  overall  tolerance  limit  requires  lowering  the  effective  pressure  gain  of  the  actuator 
to  meet  force  synchronization  requirements.  Thus,  low  static  stiffness  will  entrance  force 
synchronization  between  actuators  for  a  given  cumulative  tolerance  band. 


The  four  EC  servo  actuators  also  have  differences  in  their  positions  even  though  they 
are  mechanically  connected.  These  differences,  due  to  assembly  and  installation  tolerances 
and  compliance  of  the  EC  synchronization  shaft,  result  in  additional  differences  between 
the  main  control  valves  and  consequently  additional  force  difference  between  the  main 
actuators. 

5.3.1  Test  Objective 

The  objective  of  this  test  was  to  evaluate  the  sensitivity  of  force  synchronization 
between  actuators  as  a  function  of  stabilizer  position  for  various  normal  and  abnormal  oper¬ 
ating  conditions. 

5.3.2  Test  Description 

Prior  to  testing,  the  system  was  adjusted  to  have  force  synchronization  within  7.5%  on 
all  actuators.  The  system  was  mechanically  and  electrically  commanded  to  the  stabilizer  trail¬ 
ing  edge  full-up  position  at  a  rate  of  0.5°/ sec  to.  measure  the  force  synchronization  between 
actuators  for  the  following  conditions: 

•  Simulated  maximum  installation  tolerances  achieved  by  adjusting  individual  input 
linkages  so  that  static  force  synchronization  was  20% 

•  Locked  pressure  feedback  piston  that  increases  the  pressure  gain  and  static  stiff¬ 
ness  of  that  actuator 

•  Simulated  aerodynamic  load  applied  to  the  system 

•  Loss  of  hydraulic  power  to  one  or  more  actuators 

5.3.3  Test  Results 

Experience  obtained  during  the  test  program  showed  that  the  force  synchronization 
could  be  reduced  to  7.5%  by  adjusting  the  mechanical  input  links,  As  the  test  program  con¬ 
tinued.  little  change  was  observed  ih  the  force  synchronization  as  conditions  were  changed  or 
if  actuators  were  removed  and/rcplaced  in  the  same  location. 

In  the  no-load  test  using  a  mechanical  command,  there  was  very  good  force  synchroni¬ 
zation  between  actuators  as  shown  in  figure  58  and  table  9.  The  differential  pressure  across 
the  main  actuator  piston  on  two  of  the  actuators  oscillated  at  1.6  Hz  with  an  amplitude  of 
1250  psi,  tt  is  believed  that  this  oscillation  is  a  basic  characteristic  of  the  actuator  that  was 
aggravated  by  stiction  of  the  stabilizer  load  hinge,  pins,  ft  was  also  observed  that  the  EC  servo 
equalizer  valve, on  actuator  1  bypassed  as  the  main  actuators  extended  against  a  simulated  air 
load  on  the  stabilizer.  This  occurred  even  though  the  differential  pressure  across  each  of  the 
four  EC  servo  actuators  was  zero  when  the  actuators  were  in  an  initial  static  condition. 

The  remaining  tests  were  performed  using  electric  command  signals,  and  the  results  of 
these  tests  are  summarized  in  table  9  and  shown  in  figures  59  through  62. 


FIGURE  58,-FORCE SYNCHRONIZATION  TEST-MECHANICAL  COMMAND,  NO  LOAD 


FIGURE  S3. -FORCE  SYNCHRONIZATION  TEST- ELECTRICAL  COMMAND,  NO  LOAD 
INITIAL  STA  TIC  COromON :  (F  -  FAI/A  =  250 PS! 


FIGURE 60.-FORCE  SYNCHRONIZATION  TEST-ELECTRICAL  COMMAND  NO  LOAD 
INITIAL  STA  TIC  CONDITION:  (F  -  FA)/A  =  750  PSI 


FIGURE  61, -FORCE SYNCHRONIZATION  TEST-ELECTRICAL  COMMAND  SYSTEM 
LOADED.  INITIAL  STATIC  CONDITION:  (F- FA) /A  =  336 PSf 


ACTUATOR  1  AND  4  PRESSURE  FEEDBACK  PISTONS  LOCKED 


In  most  of  the  tests  conducted  using  electric  command  signals,  the  force  synchroniza¬ 
tion  between  the  main  actuators  deteriorated  as  a  function  of  increased  actuator  extension. 
This  occurred  despite  the  fact  that  the  EC  actuators  were  carefully  aligned  in  the  static 
condition. 

Locking  the  pressure  feedback  piston  increased  the  effective  pressure  gain  of  the  actu¬ 
ator  causing  a  serious  degradation  in  force  synchronization  (table  9). 

5.3.4  Conclusions 

Force  synchronization  tests  using  mechanical  commands  demonstrated  that  the  system 
would  maintain  force  synchronization  during  normal  and  abnormal  operation,  except  for  the 
conditions  with  the  pressure  feedback  locked  out.  Pressure  feedback  was  required  on  the  SST 
because  of  the  destabilizing  structural  feedback.  The  locked  pressure  feedback  is  a  failure 
case  and  was  detected  by  the  main  actuator  relief/bypass  valve  operation. 

The  tracking  problem  between  EC  channels  is  probably  caused  by  differential  deflec¬ 
tions  in  the  actuator  mounting  structure  and  synchronization  shaft  assembly  tolerances.  To 
understand  this  problem  completely  would  require  additional  investigation.  These  deflections 
have  a  direct  effect  on  EC  synchronization,  since  the  synchronization  shaft  is  mounted  on 
the  same  structure  as  the  actuators.  Assembly  and  installation  tolerances  that  can  be  offset  in 
a  static  condition  also  begin  to  affect  EC  synchronization  as  the  system  moves  and  the  geom¬ 
etry  of  the  synchronization  linkage  changes. 

Force  synchronization  tests  using  electric  commands  were  inconclusive.  Main  actuator  4 
consistently  developed  a  large  force  difference.  The  maximum  mechanical  differences  of  the 
EC  servo  positions  cannot  cause  this  force  fight.  Additional  investigation  would  be  required 
to  isolate  the  external  input  causing  this  problem. 

5.4  STIFFNESS  TESTS 

In  the  design  of  any  actuation  system,  the  designer  must  be  aware  of  and  control  the 
system  stiffness  at  all  frequencies  to  meet  the  many  design  constraints  imposed  by  perform¬ 
ance.  stability,  and  flutter  requirements. 

These  requirements  put  demands  on  the  actuation  system  that  are  sometimes  contradic¬ 
tory  and  not  necessarily  compatible.  The  system  must  have  high  stiffness  for  flutter  suppres¬ 
sion  and  have  the  proper  relationship  between  low-frequency  and  high-frequency  stiffness  for 
stability.  The  system  must  have  low  stiffness  for  actuator  synchronization,  but  also  have  suf¬ 
ficient  stiffness  at  low  frequencies  to  minimize  actuator  hysteresis  and  static  position  error 
under  load  for  good  performance.  Figure  63  is  a  curve  depicting  the  asymptotic  approxima¬ 
tion  of  the  actuation  system  stiffness  frequency  response  for  a  typical  stable  system  and  the 
nomenclature  that  will  be  used  throughout  this  report.  The  stiffness  transfer  function  as  well 
as  the  mathematical  expression  for  the  break  frequencies  are  developed  in  appendix  A. 


The  most  important  design  constraint  from  the  SST  point  of  view  was  the  flutter  stiff¬ 
ness  requirement.  Most  flight  control  surfaces  will  flutter  unless  they  are  either  constrained 
by  their  actuation  system  or  are  mass  balanced.  In  cases  where  actuator  redundancy  is 
provided  for  other  reasons,  the  lightest  weight  method  of  flutter  suppression  is  often 
restraint  by  the  actuation  system.  Providing  a  minimum  stiffness  through  the  actuation 
system  can  put  a  severe  constraint  on  system  design,  particularly  if  the  flutter  frequencies  of 
concern  are  lower  than  the  dynamic  stiffness  break  frequency. 

In  the  SST  design,  the  frequency  at  which  the  horizontal  stabilizer  tended  to  flutter 
(2.4  Hz)  was  closely  associated  with  the  first  vertical  body  bending  frequency  of  2  Hz.  To 
ensure  a  flutter-free  surface  with  two  hydraulic  systems  failed,  each  of  the  actuators  had  to 
have  a  minimum  frequency-dependent  dynamic  stiffness  of  1 1 5,000  lb/in.  at  2.4  Hz. 

It  has  been  common  to  consider  the  flutter  stiffness  at  the  “normal  actuator  condi¬ 
tion,”  This  is  the  condition  where  the  actuation  system  position  command  is  satisfied  and 
the  actuator  is  stationary  with  its  servovalve  nearly  closed  holding  any  load  less  than  stall. 
There  are  other  transient  and  abnormal  operating  conditions  that  must  be  considered  in  addi 
tion  to  the  normal  condition  to  enable  construction  of  mathematical  models  for  flutter 
analyses.  These  are: 

•  Stall,  in  which  the  actuator  is  stalled  against  a  loud,  the  servovalve  open,  and  load 
pressure  equal  to  supply  pressure 

•  Blowback,  in  which  the  actuator  is  driven  backward  away  from  its  commanded 
position,  the  servovalve  fully  opened,  the  load  pressure  above  supply  pressure,  and 

X  the  bypass  valve  open  between  cylinders 

•  Under  command,  in  which  the  actuator  Is  in  transit  to  a  newly  commanded  posi- 
t  iori,  the  servovalve  open  to  drive  the  actuator  at  commanded  rate,  and  the  load 
pressure  less  than  supply  pressure 

5.4. 1  “Normal  Actuator”  Dynamic  Stiffness  Test 

The  “normal  actuator"  dynamic  stiffness  tests  described  in  this  section  were  concerned 
with  identifying  not  only  the  frequency-independent  dynamic  stiffness  but  also  the  fre¬ 
quency-dependent  stiffness  of  the  system  ir»  the  “normal  actuator  condition.”  Frequency- 
independent  dyna  dc  stiffness  is  defined  as  the  stiffness  ti  it  the  system  presents  to  a  load  at 
frequencies  so  high  that  no  flow  passes  through  the  mailt  actuator  control  valve. 
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Changes  in  actuator  configuration,  such  as  pressure  feedback  changes,  open-loop  gain 
changes,  or  different  main  control  valve  positions  will  only  change  the  frequency-dependent 
stiffness.  The  frequency-independent  dynamic  stiffness  will  be  the  same  for  all  actuator  con¬ 
figurations  but  will  change  with  temperature,  since  it  is  a  fraction  of  fluid  bulk  modulus 
which  does  vary  with  temperature.  '  . 

5.4. 1.1  Test  Objectives 

The  objective  of  this  rest  was  to  measure  the  pin-to-pin  system  stiffness,  using  a  single 
actuator,  as  a  function  of  frequency  at  two  different  operating  temperatures  to  show  compli¬ 
ance  with  design  goals  and  to  gain  confidence  in  the  analytical  methods  shown  in  section  4.6. 

5.4. 1.2  Test  Description 

One  actuator  was  selected  for  the  test.  It  was  disconnected  from  the  mechanical  input 
bus  shaft  (opening  the  position  feedback  loop)  and  the  EC  synchronization  shaft.  The  input 
arm  was  rigidly  attached  to  the  actuator  body  in  a  position  that  put  the  main  valve  near  null. 
All  the  tests  were  run  open-loop  in  this  manner.  The  test  actuator  piston  rod  was  displaced 
sinusoidally  by  commanding  the  other  three  actuators  over  the  desired  frequency  range.  The 
data  plotted  were  the  peak-to-peak  actuator  force  divided  by  the  peak-to-peak  actuator  pin¬ 
to-pin  displacement.  Actuator  force  was  either  measured  with  strain  gages  or  was  calculated 
from  actuator  differential  pressure. 

The  1 50°  F  tests  were  run  with  and  without  the  pressure  feedback  locked  out.  The 
f req uen ey -•  hdependen t  dynamic  stiffness  of  the  system  was  low  enough  at  340°  F  that  suf¬ 
ficient  datvio  define  the  open-loop  stiffness  frequency  response  was  obtained  without  lock¬ 
ing  out  the  pressure  feedback. 

5.4,  i  .3  Test  Results 

Figure  64  presents  the  open-loop  system  stiffness  frequency  response  at  1 50°  F  with  the 
pressure  feedback  locked  out.  Locking  out  the  pressure  feedback  moved  the  dynamic  stiff- 
W;S4ureak  frequency  from  7.5  to  0,38  Hz,  allowing  good  data  acquisition,  tn  testing  the 
system  with  normal  pressure  feedback,  the  dynamic  stiffness  break  frequency  occurred  close 
to  the  system  natural  frequency  =  !  2  Hz,  allowing  good  data  acquisition.  In  testing  the 

the  stiffness  break  difficult  to  identify.  In  addition,  the  driver  actuators  had  a  sharp  ampli¬ 
tude  ia.enuation  at  frequencies  above  the  system  natural  frequency.  Good  data  at  these  high 
frequencies  were  difficult  to  obtain.  Raising  the  effective  pressure  gain  by  blocking  out  the 
pressure  feedback  lowered  the  dynamic  stiffness  break  frequency,  giving  good  separation 
between  the  stiffness  break  frequency  and  the  system  natural  frequency.  The  “best-fit" 
frequency-independent  dynamic  stiffness  was  500,000  ib/in.  The  calculated  value  was 
503.000  Ib/in.  The  dynamic  stiffness  is  influenced  by  the  hydraulic  fluid  bulk  modulus, 
which  cannot  be  calculated  exactly  due  to  air  inclusion  and  local  temperature  variation: 
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where 

Ka  («)  =  actuator  frequency-independent  dynamic  stiffness 
Kr0d  =  actuator  rod  stiffness  ( 1 ,290,000  lb/in) 

■^housing  =  actuator  housing  stiffness  (2,880,000  Ib/in) 
p  =  effective  oil  bulk  modulus  (240,000  psi  at  !  50°  F) 

A  =  actuator  area  =  2 1 .8  sq  in. 

V  =  actuator  volume  =  400.2  cu  in.  (active  plus  20  cu.  in.  dead) 
Then 
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1,140,000  Ib/in. 


KA(  «) =  1 ,290,000  +  2,880,000  +  l  ,140,000 


K  (»}  a  503,000  Ib/in. 

litis  test  also  allowed  calculation  of  the  main  servovalve  pressure  gain  with  pressure 
feedback  locked  out.  Using  the  measured  dynamic  stiffness  break  frequency,  the  pressure 
gain  was  calculated  to  be  820,000  psi/in.  using  equation  (2),  appendix  A. 

The  system  open-loop  stiffness  frequency  response  was  constructed  by  using  the  fre¬ 
quency-independent  dynamic  stiffness  from  the  test  above  and  test  data  taken  with  the  pres¬ 
sure  feedback  operating  normally  and  is  presented  in  figure  65.  Very  little  data  scatter  occurs 
at  low  frequencies,  giving  extremely  good  agreement  with  the  theoretical  slope  of  6  dB  per 
octave.  In  addition,  the  dynamic  stiffness  break  frequency  obtained  with  these  data  and  the 
frequency-independent  dynamic  stiffness  data  agree  almost  exactly  with  the  theoretical 
break  frequency  calculated  by  using  the  design  value  ef  36,500  psi/in.  for  the  main  servo¬ 
valve  with  pressure  feedback. 

Figure  66  shows  data  taken  at  350*F.  There  is  no  change  in  the  frequency-dependent 
stiffness  with  temperature.  The  measured  frequency-independent  dynamic  stiffness  was 
approximately  350,000  Ib/in.,  which  is  the  same  as  the  value  calculated  below. 
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FIGURE  65.— “NORMAL  ACTUA  TOR "  SYSTEM  STIFFNESS  FREQUENCY  RESPONSE 


Frequency-independent 
dynamic  stiffness  at  35C 


FIGURE  66.  -  "NORMAL  ACTUA  TOR"  SYSTEM  STIFFNESS  FREQUENCY  RESPONSE 


Using  the  terms  previously  defined: 

fi  =  120,000  psi  at  350°  F 


1 


1  .  + _ 1 _ +. 

,  T  A  nrtA  AAA  ' 


KA(oo)"  1,290,000  2,880,000  570,000 


KA(»)=  350,000  Ib/in. 

5.4. 1.4  Conclusions 

The  “normal  actuator”  dynamic  stiffness  tests  produced  excellent  data,  which  allowed 
complete  identification  of  the  open-loop  stiffness  transfer  function  for  an  actuator  in  the 
normal  configuration.  Open-loop  stiffness  frr  iuency  response  can  be  used  in  conjunction 
with  static  stiffness  measurements  for  construction  of  the  closed-loop  frequency-dependent 
stiffness  curve  as  is  demonstrated  in  section  5.4.7. 

The  test  data  agree  extremely  well  with  analytical  predictions  and  give  confidence  in  the 
analytical  solutions  for  the  stiffness  of  actuators  in  the  normal  stiffness  configuration. 

5.4.2  “Stalled  Actuator”  Dynamic  Stiffness  Tests 

The  SST  horizontal  stabilizer  design  was  such  that  the  surface  hinge  moments  were  large 
enough  to  stall  the  actuators  in  some  cases.  Since  the  actuation  system  was  required  to  pro¬ 
vide  the  necessary  stiffness  to  prevent  surface  flutter,  the  system  stiffness  with  stalled  actu¬ 
ators  was  of  interest,  SST  analysis  had  shown  that  a  significant  decrease  in  stiffness  at  the 
flutter  frequency  would  occur  under  stalled  conditions. 

When  an  actuation  system  is  commanded  to  move  to  a  position  that  requires  more  force 
than  the  actuator  can  develop,  the  actuator  stalls  against  the  load.  Since  the  position  com¬ 
mand  is  not  satisfied,  the  main  servovalve  is  open.  Normally,  when  the  servovalve  is  open,  the 
actuator  is  connected  to  the  hydraulic  system.  The  SST  actuator  design  included -an  inlet 
check  valve  that  prevents  backflow  from  the  actuator  to  the  supply  line.  For  the  iSST  actu¬ 
ator.  the  system  stiffness  for  the  stalled  ease  results  from  a  fluid  spring  consisting  of  the 
cheeked-off  high-pressure  side  of  the  aetuator  and  the  low-pressure  side  connected  to  the 
return  portion  of  the  hydraulic  system  through  the  open  servovalve. 

To  provide  fluid  for  internal  leakage,  the  inlet  check  valve  must  be  slightly  open. 
Opening  the  cheek  valve  opens  the  high-pressure  side  of  the  actuator  to  the  supply  side  of  the 
hydraulic  system,  further  reducing  the  system  stiffness  that  is  Sfrequency  dependent.  As  the 
actuator  wears,  internal  leakage  generally  increases. 


5.4.2. 1  Test  Objectives 


The  stall  stiffness  tests  determined  the  open-loop  stiffness  frequency  response  character¬ 
istics  with  one  actuator  in  the  stall  condition.  The  effects  of  increased  actuator  leakage 
resulting  from  actuator  wear  and  operating  temperatures  were  also  assessed. 

5.4.2.2  Test  Description 

These  “stalled  actuator”  stiffness  tests  were  conducted  in  the  same  manner  as  the 
“normal  actuator”  dynamic  stiffness  tests  (see  sec.  5.4.1),  except  that: 

•  No  tests  were  run  with  the  pressure  feedback  locked  out. 

•  Tests  were  run  with  a  bypass  circuit  between  the  main  actuator  cylinders  opened 

to  simulate  various  leakages  from  0  to  6  gpm  at  1 50°and  350°  F  fluid  temperatures. 

•  Tire  stalled  actuator  was  commanded  hard-over  to  fully  open  the  servovalve,  and 
the  three  drive  actuators  were  used  to  restrain  the  stalled  actuator  while  super¬ 
imposing  the  sinusoidal  drive  force. 

•  The  stalled  actuator  was  supplied  by  a  separate  hydraulic  system  to  preclude 
hydraulic  power  system  transients  from  affecting  the  stiffness  data.  Also,  because 
the  servovalve  was  open  and  the  hydraulic  plumbing  affected  the  system  stiffness, 
the  stalled  actuator  was  connected  to  the  Hydraulic  supply  by  plumbing  that  simu¬ 
lated  the  SST  hydraulic  power  distribution  system.  A  schematic  of  the  plumbing  is 
shown  in  figure  67. 

5.4.2  j  Test  Results 

As  shown  on  figure  68,  the  frequence-dependent  stiffness  under  “stalled  actuator” 
conditions  decreased  when  compared  with  the  “normal  actuator”  stiffness  tests.  This 
decrease  in  stiffness  results  from  additional  compressible  flow  due  to  opening  of  the  low- 
pressure  side  of  the  actuator  to  the  (urge  additional  volume  of  the  return  portion  of  the 
hydraulic  system. 

The  increase  in  leakage  through  the  inlet  check  valve  seemed  to  have  little  effect. 
Inspection  of  the  data  showed  that  no  matter  what  the  leakage  value,  the  inlet  check  valve 
was  closed  for  most  of  the  sine  wave  loading  cycle.  . 

Figure  shows  the  data  taken  at  high  temperature.  Except  for  the  change  in  fre¬ 
quency-independent  dynamic  stiffness,  no  change  in  stall  stiffness  was  observed  below  the 
dynamic  stiffness  break  frequency. 

flic  direction  of  flic  stall  load  application  made  no  appreciable  difference  in  the  “stalled 
actuator”  stiffness  Data  for  stall  in  each  direction  are  shown  in  figure  70.  Any  differences 
which  might  have  been  expected  due  to  actuator  manifold  differences  in  the  extend  and 
retract  directions  lost  in  data  scatter. 


FIGURE  67  -SIMULA  TED  AIRPLANE  TUBING 


Linear  analysis  of  the  open-loop  stiffness  transfer  function  predicts  the  stiffness 
behaving  as  a  first-order  high-pass  filter.  All  of  the  stall  stiffness  test  data  show  good 
agreement  with  this  prediction,  as  indicated  by  comparison  with  the  6  db  per  octave  line  up 
to  the  dynamic  stiffness  break  frequency. 

Deviations  around  7  Hz  are  caused  by  hydraulic  line  dynamics  in  the  side  of  the  actu¬ 
ator  connected  to  the  return  line.  The  data  scatter  observed  around  1 2  Hz  was  caused  by 
peaking  at  the  system  natural  frequency. 

5. 4.2. 4  Conclusions 

When  an  actuator  is  stalled,  the  frequency-dependent  stiffness  is  reduced.  If  the  surface 
actuators  are  designed  to  stall  to  limit  airplane  or  surface  loads,  and  if  the  actuation  system 
must  provide  flutter  stiffness,  then  the  actuation  system  design  must  account  for  the  degra¬ 
dation  in  flutter  stiffness  if  the  flutter  frequency  is  less  than  the  dynamic  stiffness  break  fre¬ 
quency.  The  transient  nature  of  the  stall  condition,  as  well  as  the  reduced  stiffness,  should  be 
considered  in  all  flutter  studies. 

5.4.3  “Actuator  Blowback”  Dynamic  Stiffness  Tests 

There  existed,  for  the  SST,  a  certain  probability  that  a  combination  of  airplane  maneu¬ 
vers,  failed  actuators,  and  gust  conditions  could  produce  forces  that  would  exceed  the  capa¬ 
bility  of  the  actuators  to  resist.  If  this  condition  occurred,  the  actuators  would  be  driven 
backward  away  from  their  commanded  position,  resulting  in  a  decrease  in  actuation  system 
flutter  stiffness. 

As  explained  in  section  5.6,  multiple  surface  actuators  require  overpressure  protection 
to  allow  the  remaining  actuators  to  function  after  a  failure  in  one  actuator.  In  multiple- 
actuator  installations,  it  is  desirable  to  maintain  as  much  performance  as  possible  after  a  fail¬ 
ure  or  shutdown  of  hydraulic  supply  systems.  The  failed  or  dead  actuator  is  usually  off¬ 
loaded  by  a  bypass  valve  that  interconnects  the  two  ends  of  an  actuator  cylinder  when 
hydraulic  pressure  is  off.  In  the  SST,  one  valve,  the  main  actuator  relief/bypass  valve 
described  in  section  3. 2.2.1,  provided  both  overpressure  protection  and  bypass  functions. 

The  pressure  setting  for  the  relief  function  of  the  valve  plus  the  pressure  drop  through 
the  open  valve  at  maximum  flow  determines  the  maximum  load  that  can  be  applied  to  any 
actuator.  The  lower  this  maximum  load  limit,  the  lighter  the  actuator  and  its  reaction  struc¬ 
ture  can  be.  The  nominal  cracking  pressure  for  the  relief  function  of  the  SST  main  actuator 
relief/bypass  valve  was  4350  psi  (supply  pressure  plus  200  psi).  The  design  pressure  drop 
through  the  valve  and  manifold  nt  the  maximum  design  flow  rate  (75  gpm)  was  550  psi. 

During  actuator  blowback  the  inlet  check  valve  closes  and  the  relief/bypass  valve  opens, 
allowing  flow  from  one  side  of  the  actuator  to  the  other.  Since  the  actuator  is  not  satisfying 
its  position  command,  the  main  servovalve  is  also  open.  The  opening  of  both  the  relief/bypass 
vaive  and  the  servovalve  essentially  opens  both  sides  of  the  actuator  to  return  und  reduces 
the  system  stiffness  at  all  frequencies  below  the  dynamic  stiffness  corner.  The  actuator  con¬ 
figuration  during  blowback  is  shown  in  figure  7 1 . 


At  the  termination  of  the  SST  program,  transfer  functions  were  being  developed  that 
would  describe  the  system  stiffness  frequency  response  with  the  actuator  in  the  blowback 
condition.  These  transfer  functions  were  to  be  used  in  combination  with  airplane,  surface, 
and  gust  simulations  to  determine  whether  the  blowback  condition  caused  stiffness  degrada¬ 
tion  below  the  minimum  stiffness  required  to  prevent  surface  flutter. 

5.4.3. 1  Test  Objective 

The  objective  of  the  test  was  to  determine  the  blowback  dynamic  stiffness  frequency 
response  of  the  system  at  various  backdriving  rates. 

5.4.3. 2  Test  Description 


These  blowback  tests  were  conducted  in  the  same  manner  as  the  “normal  actuator” 
system  dynamic  stiffness  tests  (sec.  5.4.1),  except  that: 

•  No  tests  were  run  with  the  pressure  feedback  locked  out. 

•  No  tests  were  run  at  350®  F. 

•  The  backdriven  actuator  was  commanded  hard-over  to  fully  open  the  main  servo¬ 
valve  in  one  direction,  and  the  three  drive  actuators  were  used  to  backdrive  (blow 
back  )  tlte  actuator  in  the  opposite  direction  at  a  steady  rate  while  simultaneously 
applying  the  sinusoidal  drive  force. 

•  The  backdriven  actuator  was  supplied  by  a  separate  hydraulic  system  to  preclude 
pumping  system  transients  from  affecting  the  stiffness  data.  Also,  because  the 
servovalve  was  open  and  the  hydraulic  plumbing  affected  the  system  stiffness,  the 
test  actuator  was  connected  to  the  hydraulic  supply  by  plumbing  that  simulated 
the  SST  hydraulic  power  distribution  system.  A  schematic  of  the  plumbing  is 
shown  in  figure  67. 

S.4.3.3  Test  Results 

f  igure  72  shows  the  system  stiffness  frequency  response  for  various  blowback  rates 
compared  to  a  normal  actuator  stiffness.  The  system  stiffness  rapidly  decreased  as  the  blow- 
back  rate  increased.  The  stiffness  seems  to  reach  it  minimum  at  about  5®/ sec  backdriving  rate, 
This  limit  may  be  due  to  the  restriction  to  flow  in  the  actuator  manifold  passages, 


5.4.3, 4  Conclusions 


At  slow  backdriving  rates,  the  main  actuator  relief/bypuss  valve  opening  was  small  and 
had  little  effect  on  system  stiffness.  The  main  servovalve  opening  was  the  predominant  factor 
and  resulted  in  stiffness  frequency  response  approximately  the  same  as  that  for  tlte  stall  ease 
where  the  bypass  valve  was  closed.  However,  the  system  stiffness  decreased  drastically  as  the 
blowback  rate  increased  because  larger  Hows  were  bypassed.  When  bypass  Hows  reached  an 
equivalent  of  5°/sec  blowback  rate,  the  relief/bypass  valve  had  opened  sufficiently  so  provide 
complete  interconnection  of  the  two  sides  of  the  actuator,  Tlte  stiffness  at  these  relatively 
high  rates  of  5®/sec  was  very  low  and  would  not  have  provided  the  necessary  flutter  restraint 
l  or  I  lie  SST. 


System  stiffness  is  the  lowest  at  the  highest  blowback  rates  where  the  actuator  would  be 
in  the  blowback  condition  for  the  shortest  period  of  time.  Any  use  of  blowback  stiffness  for 
flutter  analyses  should  consider  the  limited  time  that  the  actuator  spends  in  the  blowback 
condition. 

5.4.4  "Actuator  Under-Command”  Dynamic  Stiffness  Tests 

When  the  actuator  is  responding  to  changes  in  commanded  position,  the  main  servovalve 
opens  in  proportion  to  the  position  error  and  connects  each  end  of  the  actuator  to  the 
hydraulic  system  pressure  and  return  lines.  With  the  resulting  increase  in  fluid  volume,  the 
system  frequency-dependent  stiffness  will  modulate  as  a  function  of  the  valve  position. 

The  modulation  of  system  stiffness  may  be  of  concern  when  considering  the  stiffness 
required  to  prevent  surface  flutter.  At  one  extreme,  the  main  servovalve  is  open  and  the 
“actuator  under-command”  stiffness  approaches  the  "stalled  actuator”  stall  stiffness.  At  the 
other  extreme,  the  main  servovalve  is  nearly  closed  and  the  "actuator  under-command”  stiff¬ 
ness  approaches  the  “normal  actuator”  stiffness. 

5.4.4. 1  Test  Objectives 

The  "actuator  under-command”  dynamic  stiffness  tests  determined  the  frequency- 

dependent  stiffness  of  the  system  as  a  function  of  actuator  load  pressure  and  surface  rate. 

\ 

5.4.4.2  Test  Description 

These  under-command  tests  were  conducted  in  the  same  manner  as  the  normal  dynamic 
stiffness  tests  (sec.  5.4.1 )  except  that: 

•  No  tests  were  run  with  the  pressure  feedback  locked  out. 

•  No  tests  were  run  at  350®  F. 

•  Tire  under-command  actuator  was  commanded  to  move  and  the  three  drive  actu¬ 
ators  were  used  to  restrain  the  motion  while  simultaneously  applying  sinusoidal 
drive  force,  A  bypass  circuit  between  the  main  actuator  cylinders  was  opened  to 
allow  flow  through  the  Inlet  cheek  valve  and  the  servovalve  to  simulate  the  actu¬ 
ator  piston  rate.  The  under-command  actuator  commands  and  bypuss  Hows  were 
adjusted  to  simulate  various  loads  (up  to  2500  psi)  and  rules  (up  to  10  /see  of 
stabilizer). 

•  The  under-command  actuator  was  supplied  by  u  separate  hydraulic  system  to  pre¬ 
clude  power  system  transients  from  affecting  the  stiffness  data.  Also,  because  the 
servovalve  was  open  and  the  hydraulic  plumbing  affected  the  system  stiffness,  the 
under-command  actuator  was  connected  to  the  hydraulic  supply  by  plumbing  that 
simulated  the  SST  hydraulic  power  distribution  system.  A  schematic  of  the  plumb¬ 
ing  is  shown  in  figure  67. 


5.4.4.3  Test  Results 


The  system  stiffness  frequency  response  variation  with  load  at  constant  flow  (simulated 
surface  rate)  is  shown  in  figure  73.  The  data  showing  the  stiffness  variation  with  flow  at  con¬ 
stant  load  are  shown  in  figure  74.  Test  points  above  the  dynamic  stiffness  break  frequency 
were  difficult  to  obtain,  since  the  loading  actuators  had  poor  response  at  high  frequencies. 
Enough  data  points  were  obtained,  however,  to  confirm  analyses  that  showed  the  frequency- 
independent  dynamic  stiffness  unchanged  from  the  values  obtained  in  the  normal  actuator 
stiffness  tests. 

The  test  data  were  influenced  by  the  simulated  load  flow  and  had  to  be  corrected 
before  use.  The  introduction  of  the  bypass  circuit  to  simulate  piston  rate  introduces  a  leak 
across  the  piston  that  reduces  stiffness.  To  get  under-command  system  stiffness,  the  effect  of 
the  leak  was  calculated  and  the  test  data  adjusted  to  remove  that  portion  of  the  stiffness 
reduction. 

Figure  75  was  developed  using  data  from  this  test  as  well  as  from  the  “stalled  actuator” 
stiffness  and  “normal  actuator”  stiffness  tests.  Frequency-dependent  dynamic  stiffness  is 
obtainable  for  combinations  of  surface  rate  and  load  once  the  “normal  actuator”  frequency- 
dependent  stiffness  is  known.  This  allows  construction  of  asymptotic  approximations  of 
system  stiffness  frequency  response  for  any  under-command  condition.  A  stiffness  frequency 
response  is  constructed  by  drawing  a  line  with  a  slope  of  6  dB  per  octave  through  a  fre¬ 
quency-dependent  stiffness  value  obtained  from  the  ratio  of  under-command  and  normal 
frequency-dependent  stiffness.  The  dynamic  stiffness  break  frequency  is  the  intersection  of 
the  6  dB  per  octave  line  and  the  frequency-independent  stiffness  of  the  actuator  at  the  tem¬ 
perature  of  interesi. 

A  portion  of  figure  75  has  been  extrapolated  by  using  general  trends.  A  more  complete 
study  of  under-command  system  stiffness  would  include  tests  to  give  better  definition  at  high 
toad  pressures. 

S.4.4.4  Conclusions 

“Actuator  under-command”  frequency-dependent  stiffness  is  much  lower  than  “normal 
actuator"  frequency-dependent  stiffness  for  much  of  the  under-commnnd  spectrum.  The 
frequency-independent  stiffness  does  not  change.  The  combination  of  high  surface  rates  and 
high  loads  gives  the  least  system  stiffness.  Stiffness  is  the  lowest  at  the  highest  under¬ 
command  rates  where  the  actuator  would  be  in  the  under-command  condition  for  the 
shortest  period  of  time.  If  under-command  stiffness  data  are  used  for  flutter  analyses,  the 
transient  nature  of  the  reduction  in  stiffness  resulting  from  this  condition  must  be  considered, 

5.4.5  Static  Stiffness 

Two  design  constraints  fix  the  upper  limit  of  the  actuation  system  static  stiffness.  These 
are  system  stability  and  actuator  synchronization.  High  static  stiffness  is  required  to  mini¬ 
mize  actuator  hysteresis  caused  by  friction  and  to  reduce  static  position  error  under  load. 
Appendix  A  shows  how  static  stiffness  affects  the  frequency-dependent  dynamic  stiffness 


oj/qj 


FIGURE  74.  —"ACTUA  TOR  UNDER-COMMAND"  SYSTEM  STIFFNESS  FREQUENCY 
RESPONSE— 15(7*  F-IOOO-PSI  LOAD  PRESSURE 


and  the  dynamic  stiffness  break  frequency.  In  the  SST,  static  stiffness  higher  than  the  upper 
limit  for  stability  and  synchronization  was  desired  to  maintain  adequate  flutter  stiffness  in 
the  frequency-dependent  stiffness  range. 

As  shown  in  the  analyses  in  section  4.0,  the  actuation  system  static  stiffness  upper  limit 
to  ensure  stability  at  high  temperatures  was  350,000  lb/in.  Static  stiffness  of  1 24,000  lb/in. 
was  the  upper  limit  to  maintain  force  synchronization  within  800  psi  of  the  average  load 
pressure  considering  maximum  actuator  installation  tolerances. 

The  minimum  static  stiffness  requirements  for  flutter  stiffness  were  set  at  1 10,000 
lb/in.  This  value  was  also  an  acceptable  minimum  for  hysteresis.  The  actuator  stroke  was 
increased  to  compensate  for  the  static  position  error  under  load  based  on  1 10,000  lb/in. 

Early  startup  tests  showed  that  the  actuation  system  static  stiffness  with  no  structural 
feedback  or  pressure  feedback  was  2,260,000  lb/in.  This  extremely  high  value  results  directly 
from  the  pressure  gain  of  the  high-performance  main  actuator  servovalve.  Analyses  of  the 
horizontal  stabilizer  actuation  system  also  disclosed  that  a  strong  destabilizing  structural 
feedback  existed  where  structural  deflections,  resulting  from  actuator  loads,  cause  the  actu¬ 
ator  stiffness  to  increase.  Figure  76  shows  how  these  structural  deflections  are  reflected  into 
the  actuator  valve. 

Reduction  of  effective  valve  pressure  gain  by  means  of  differential  pressure  feedback 
was  necessary,  both  to  reduce  this  extremely  high  system  static  stiffness  to  meet  the  system 
stability  and  actuator  synchronization  requirements,  and  to  negate  the  destabilizing  struc¬ 
tural  feedback.  The  pressure  feedback  is  described  in  section  3.2.2. 1  and  shown  in  figure  13. 
The  pressure  feedback  gain  was  designed  to  reduce  the  system  static  stiffness  to  1 10.000 
Ib/in.  with  no  structural  effects  by  reducing  the  effective  valve  pressure  gain  from  820.000  to 
38.000  psi/in.  of  valve. 

With  this  as  a  basis,  analysis  predicted  the  actuation  system  static  stiffness  to  increase 
from  1 10,000  lb/in.  to  approximately  225,000  lb/in.  when  the  destabilizing  structural  feed¬ 
back  was  introduced.  (See  table  3  for  actual  values.) 

5.4.5. 1  Test  Objective 

This  series  of  static  stiffness  tests  determined  the  system  stiffness  with  no  structural 
influence,  the  structural  deflections  under  load,  and  the  static  stiffness  of  installed  actuators. 

5.4. 5. 2  Test  Description 

Deflections  and  forces  required  to  determine  static  stiffness  were  obtained  by  applying 
a  load  to  one  actuator  or  to  the  entire  actuation  system  and  measuring  the  actuator  pin-uv 
pin  displacement  and  (he  differential  pressure  resisting  the  load.  Some  force  measurements 
were  made  with  load  celts  .'or  comparison.  Stiffness  was  calculi  led  hy  multiplying  the  differ¬ 
ential  pressure  by  actuator  area  and  then  dividing  by  the  pin-lo*pin  displacement.  Where 
more  than  one  actuator  was  being  used,  individual  stiffnesses  were  calculated  and  then 
summed  to  gel  system  stiffness,  Surface  rotation  measurements  were  also  used  to  calculate 
system  stiffness  and  to  check  symmetry. 


Aerodynamic  load 


Torque  box  stretch  due  to  reaction 
of  aerodynamic  load  and  actuator  force 


The  tests  were  conducted  in  two  ways.  Loads  applied  to  a  single  actuator  were  either 
from  adjacent  actuators  or  from  the  simulated  aeroloading  system  described  in  section  3.4. 
When  more  than  one  actuator  was  under  test,  all  loading  was  done  with  the  simulated  aero- 
load  system. 

In  some  single  actuator  tests,  it  was  desirable  to  eliminate  the  unpredictable  structural 
influences  to  obtain  test  data  for  the  isolated  actuator.  The  actuator  was  isolated  from  struc¬ 
ture  by  disconnecting  the  normal  position  feedback  path  and  substituting  an  electronic 
analog  of  this  feedback  through  the  EC  servo. 

When  the  aeroload  system  was  used,  the  loads  were  applied  at  two  positions  on  the  load 
beam,  one  near  the  end  of  the  beam  and  one  near  the  actuator  rod  attachment  (load  posi¬ 
tions  4  and  1 ).  The  shift  in  loading  positions  was  to  determine  the  effect  on  system  static 
stiffness  of  changes  in  pressure  distribution  on  the  control  surface. 

5.4.5. 3  Test  Results 

The  single  aUu  or  system  static  stiffness  with  no  destabilizing  structural  influences  was 
measured  as  105,000  lb/in.,  agreeing  very  closely  with  the  predicted  value  of  1 10,000  lb/in. 
The  difference  is  directly  attributable  to  the  manufacturing  tolerances  of  the  pressure  feed¬ 
back  device,  since  its  gain  controls  the  effective  pressure  gain  of  the  installed  main  servovalve 
and  tiie  force  gain  of  the  actuator. 

Unexpected  stiffness  differences  were  obtained  which  depended  on  how  the  load  was 
applied  to  the  test  actuator.  The  single  actuator  system  stiffness,  measured  by  loading  it  with 
the  other  actuators,  was  1 10,000  lb/in.  A  higher  stiffness  had  been  expected.  The  reason  for 
the  low  stiffness,  even  though  the  actuator  was  mounted  in  structure,  is  that  the  loading 
actuators  share  the  structure  and  load  it  in  the  opposite  direction  so  that  the  only  structural 
deflections  reflected  to  the  test  actuator  occur  in  the  extremely  stiff  structure  between  actu¬ 
ators.  Since  the  destabilizing  structural  feedback  gain  is  inversely  proportional  to  the  struc¬ 
tural  stiffness,  the  more  stiff  the  structure  becomes,  the  less  its  influence. 

By  loading  a  single  actuator  with  the  aeroload  system,  the  stiffness  increased  to  234,000 
lb/in.  This  increase  is  due  to  the  destabilizing  structural  feedback.  By  loading  the  actuator  in 
this  manner,  all  of  the  backup  structure  is  supporting  the  single  actuator  alone;  the  structure 
is  not  shared  by  the  other  actuators  as  in  the  above  case.  Although  the  actuator  is  reacted  by 
structure,  with  approximately  four  times  the  structural  stiffness  that  is  reacting  the  actuator 
in  the  normal  quadruple  configuration,  it  is  a  lower  reaction  stiffness  than  that  which 
resulted  from  loading  with  the  other  three  actuators.  Again,  this  lower  stiffness  resulted  in  a 
higher  destabilizing  stri  oral  feedback  gain  and  consequently  a  higher  static  stiffness. 

Figure  77  summarizes  the  single  actuator  system  static  stiffness  values  discussed  above 
and  shows  the  loading  geometry  for  the  load  system  case. 

When  all  the  actuators  were  loaded  by  the  aeroload  system  at  a  forward  position 
(No.  1 ),  the  structure  was  shared  by  all  actuators  and  consequently  the  stiffness  that  reacts 
each  actuator  was  less,  thereby  increasing  the  structural  feedback  gain.  From  the  tabulation 
of  stiffness  values  in  figure  78  the  effect  of  the  decreased  actuator  reaction  structural 
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FIGURE  77  -SYSTEM  STA  TIC  STIFFNESS-SiNGL E  ACTUA TOR 


FIGURE  78.- SYSTEM  STA  TIC  STIFFNESS-FORWARD  CENTER  OF  PRESSURE, 
TRAILING  EDGE  UP 
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stiffness  can  be  seen  as  an  increase  in  single  actuator  system  static  stiffness  from  234,000 
Ib/in.  to  an  average  of  453,000  Ib/in.  The  large  differences  in  individual  actuator  stiffness  are 
attributed  to  the  nonuniform  load  distribution  at  this  forward  load  position. 

When  the  stabilizer  was  loaded  at  an  aft  position  (No.  4)  to  simulate  a  center-of-pressure 
shift  with  Mach  number  increase,  the  measured  stiffnesses  were  very  consistent,  as  shown  in 
figure  79.  The  aft  location  loaded  the  actuators  more  uniformly  and  resulted  in  a  decrease  in 
static  stiffness. 

Geometric  effects  in  both  actuator  and  structure  caused  by  moving  the  stabilizer  to  the 
trailing-edge-down  position  caused  changes  in  structural  spring  distribution  which  in  turn 
caused  stiffness  changes  as  shown  in  figure  80.  Although  the  measured  stiffnesses  are  lower 
than  for  the  trailing-edge-up  position  (fig.  79),  the  values  are  again  consistently  uniform  due 
to  the  aft  loading. 

Loading  the  stabilizer  with  the  aerotoad  system  was  difficult  in  the  zero  stabilizer  posi¬ 
tion  due  to  load  system  geometry.  The  values  in  figure  81  were  obtained  with  relatively  small 
hinge  moment  values.  The  differences  in  stiffness  are  more  obvious  at  these  low  load  levels, 
since  the  structure  does  not  deflect  enough  to  evenly  distribute  the  loads  and  deflections. 

The  lack  of  structural  symmetry  is  shown  by  the  large  differences  in  stiffness  between  the 
pairs  of  actuators  on  each  side  of  the  airplane.  Figure  82  shows  the  surface  deflections  with 
load  that  result  from  this  asymmetric  structure.  Figures  83  and  84  show  the  deflections  of 
the  backup  structure  and  stabilizer  under  load  and  again  illustrate  the  structural  asymmetry. 

5.4. 5.4  Conclusions 

Static  stiffness  that  depends  on  deflection  of  a  complex  structure  and  distribution  of 
that  deflection  among  parallel  actuators  is  difficult  to  predict.  Asymmetric  structure  causes 
stiffness  changes  that  greatly  emphasize  the  asymmetry  if  structural  feedback  is  used  to  influ¬ 
ence  static  stiffness.  Obviously,  the  destabilizing  feedback  that  resulted  from  this  particular 
installation  is  undesirable,  but  it  serves  to  illustrate  the  effect  asymmetric  structure  can  have 
on  actuator  static  stiffness  regardless  of  feedback  polarity.  The  differences  in  load  position 
error,  caused  by  different  static  stiffnesses  on  each  side  of  the  ail  plane,  arc  undesirable  for  a 
slab  stabilizer  because  of  the  rolling  moment  introduced.  Airplane  struct ut  *  probably  would 
be  more  symmetric  than  the  test  structure,  and  therefore  this  surface  position  difference 
would  be  reduced. 


The  measured  static  stiffness  in  an  installation  of  this  type  is  dependent  on  the  method 
of  measurement.  The  high  static  stiffness  values  that  were  found  in  testing  were  influenced 
by  the  point  loading  system.  In  actuality,  the  air  load  would  be  distributed  more  uniformly 
over  the  surface,  and  local  deflections  at  the  actuators  would  change,  modifying  the  static 
stiffness.  It  is  predicted  from  the  trend  of  test  results  that  the  static  stiffness  for  an  aero- 
dynamically  loaded  surface  would  probably  be  lower  than  the  values  obtained  from  the  point 
loading  test. 


The  static  stiffness  upper  limit  to  ensure  a  stable  system  was  350,000  Ib/in.  The  static 
stiffness  value  for  the  stability  analysis  would  be  derived  from  the  distributed  loading  caused 
by  surface  inertia.  The  spreading  of  the  load  in  this  maimer  probably  kept  the  true  static 


stiffness  for  stability  less  than  the  upper  limit.  The  value  of  the  inertial  stalk  stiffness  is  diffi 


cull  to  measure  and  was  not  obtained  in  this  test  program. 
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The  static  stiffness  limit  of  1 24,000  lb/in.  for  actuator  synchronization  was  exceeded 
by  the  installed  actuators  with  structural  feedback.  The  effect  of  the  increased  stiffness  on 
actuator  force  synchronization  was  not  obtained  because  the  actuators  were  individually 
adjusted  to  be  within  the  force  synchronization  tolerance  on  installation  to  compensate  for 
structural  and  actuator  dimensions  that  were  out  of  tolerance. 

The  flutter  stiffness,  the  hysteresis,  and  the  actuator  static  position  error  under  load  all 
tend  to  be  improved  by  static  stiffness  being  higher  than  design  values. 

The  most  dependable  method  of  ensuring  static  stiffnes  values  for  actuation  systems 
and  structure  of  this  complexity  would  be  to  eliminate  all  structural  influences  and  design 
the  actuator  and  its  installation  to  give  the  static  stiffness  value  desired.  This  can  be  achieved 
by  providing  internal  pressure  feedback  or  by  providing  a  separate  reaction  structural  mem¬ 
ber  and  appropriately  located  linkage  to  produce  a  controlled  structural  feedback. 

5.4.6  Electrical  Stiffness  Compensation  Test 

If  the  static  stiffness  is  too  low  to  satisfy  the  static  position  error  due  to  load,  it  can  be 
increased  over  a  limited  frequency  range  by  a  compensated  position  feedback  path  operating 
in  parallel  with  the  normal  mechanical  feedback  path.  For  an  uncompensated  system,  the 
static  stiffness  of  an  actuation  system  must  be  less  than  its  dynamic  stiffness  to  maintain 
stability.  However,  as  shown  in  appendix  A,  use  of  electrical  compensation  can  increase  static 
stiffness  above  dynamic  stiffness  and  still  maintain  stability. 

The  test  system  was  readily  adaptable  to  testing  of  this  concept,  since  the  actuators 
contained  electrical  position  sensing  devices  and  electric  command  servos. 

5.4.6. 1  Test  Objective 

‘the  objective  of  the  test  was  to  demonstrate  that  the  static  stiffness  could  be  increased 
by  a  limited  amount,  with  no  change  in  the  frequency-dependent  dynamic  stiffness  or  the 
stability  margin  of  die  system. 

5.4.6. 2  Test  Description 

The  uncompensated  static  stiffness  of  a  single  actuator  was  determined  by  driving  it 
with  the  other  three  actuators.  The  single  actuator  static  stiffness  was  increased  by  a  factor 
of  two  with  the  electrical  compensation  shown  in  figure  85. 

The  compensated  stiffness  transfer  function  i>  discussed  in  appendix  A.  The  compensa¬ 
tion  was  designed  as  follows; 

•  Set  the  numerator  to  cancel  the  EC  servo  break  frequency. 

•  Set  the  denominator  and  gain  such  that  the  single  actuator  viatic  vt  iff  ness  is 
doubled,  but  with  minimum  change  of  the  frequency-dependent  dynamic  stiffness 
and  actuator  stability. 
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FIGURE 85.-ELECTRICAL  STIFFNESS COMPENSA TION 
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Compensation  networks  were  applied  to  all  four  actuators.  Stability  tests,  hysteresis 
tests,  and  force  synchronization  tests  were  conducted  with  the  compensated  system. 

5.4. 6. 3  Test  Results 

The  system  static  stiffness  using  a  single,  uncompensated  actuator  with  no  structural 
influences  was  measured  to  be  105,000  lb/in.  The  uncompensated  stiffness  frequency 
response  associated  with  this  actuation  configuration  is  shown  in  figure  86.  With  electrical 
compensation,  the  single  actuator  system  static  stiffness  was  200,000  lb/in.  The  stiffness 
frequency  response  of  the  compensated  actuator  shown  in  figure  87  verified  that  the 
frequency-dependent  dynamic  stiffness  was  virtually  unchanged. 

Stability,  force  synchronization,  and  static  performance  were  measured  with  all  four 
actuators  operating  with  compensation.  The  closed-loop  damping  ratio  was  unchanged  with 
compensation,  and  no  perceptible  difference  in  force  synchronization  could  be  detected.  The 
repeatability  improved  from  0.07°  to  0.012°,  primarily  due  to  the  increase  in  steady-state 
feedback  gain  (fig.  88).  Test  results  are  summarized  in  table  10. 

5.4.6.4  Conclusions 

Electrical  compensation  feedback  can  be  used  to  increase  the  static  stiffness  of  an  actu¬ 
ation  system  by  a  predictable  increment,  if  the  static  stiffness  of  the  uncompensated  system 
is  known.  The  static  load  error  and  repeatability  of  the  system  can  be  improved  with  no 
change  in  system  stability  margin. 

5.4.7  Stiffness  Summary 

,  Sections  5.4.1  through  5.4.6  have  been  concerned  with  actuation  system  stiffness.  It  has 
been  explained  that  the  designer  must  be  concerned  with  actuation  system  stiffness  at  all 
frequencies.  The  design  constraints  are  based  on  closed-loop  requirements.  By  using  the 
open-loop  frequency  response  test  data  plus  the  static  stiffness  test  data,  closed-loop  stiffness 
frequency  response  can  be  constructed.  In  the  electric  stiffness  compensation  testing,  a  single 
actuator  system  closed-loop  frequency  response  was  measured.  The  asymptotic  approxima¬ 
tion  of  closed-loop  stiffness  constructed  from  open-loop  test  data  and  the  stiffness  frequency 
response  test  data  are  compared  in  figure  89. 

The  static  stiffness  of  the  system  has  been  shown  to  be  a  function  of  both  the  installed 
actuator  effective  pressure  gain  and  the  stiffness  of  the  mounting  structure.  Figure  A-6d  in 
appendix  A  shows  the  effect  on  the  stiffness  frequency  response  of  changing  the  pressure 
feedback  gain.  Increase  in  static  stiffness  due  to  structural  feedback  has  the  same  effect. 

The  stiffness  tests  show  an  increase  in  the  average  single  actuator  system  static  stiffness 
from  105,000  lb/in.  to  290,000  lb/in.  with  the  surface  trailing  edge  down  and  345,000  lb/in. 
with  the  surface  trailing  edge  up.  These  results  were  obtained  by  point  loads  on  the  surface. 
The  true  value  of  static  stiffness  for  flutter  restraint  or  system  stability  was  estimated  to  be 
lower  than  these  values.  For  flutter  stiffness  requirements,  the  structural  deflection  would 
come  from  a  distributed  air  load.  For  stability,  the  structural  deflections  would  come  from 
the  surface  inertia.  Both  flutter  and  stability  static  stiffness  would  be  lower  than  that 
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FIGURE  86  -SYSTEM  STIFFNESS  FREQUENCY  RESPONSE-SINGLE  A CTUA  TOR  ( CLOSED  LOOP ) 


FIGURE  87  -SYSTEM  STIFFNESS  FREQUENCY  RESPONSE-SINGLE  ACTUA  TOR 
(CLOSED  LOOP)  WITH  ELECTRICAL  STIFFNESS  COMPENSATION 


TABLE  10 -SUMMARY  OF  COMPENSA  TION  RESULTS 


Without  compensation 

With  compensation 

Single-actuator  stiffness 

105,000  Ib/in. 

200,000  Ib/in. 

Hysteresis 

0.07° 

0,0 12u 

Force  synchronization 

No  change 

No  change 

Basic  stability 

No  change 

No  change 

FIGURE  89  - 


measured  by  point  loading.  Based  on  computer  studies,  a  value  of  250,000  lb/in.  was  chosen 
as  a  normal  single  actuator  system  static  stiffness  to  illustrate  the  change  in  stiffness  with 
operating  condition.  The  stiffness  frequency  response  using  250,000  lb/in.  is  labeled  “normal 
installed  actuator-closed  loop”  on  figure  90. 

Shown  for  comparison  is  a  curve  labeled  “acceptable  for  flutter  restraint.”  This  stiffness 
would  have  resulted  in  a  1-kn  flutter  margin  for  the  SST  horizontal  stabilizer  for  the  sym¬ 
metric  flutter  case.  Since  flutter  stiffness  requirements  depend  on  the  structural  backup 
spring  as  well  as  the  actuator  stiffness,  the  curve  should  only  be  considered  as  typical. 

System  stiffness  frequency  responses  for  stall  conditions,  for  limits  of  blowback  condi¬ 
tions,  and  for  typical  under-command  conditions  are  shown  in  figure  90.  The  under¬ 
command  condition  with  reasonable  rates  and  load  pressures  shows  small  stiffness  degrada¬ 
tion.  The  stall  condition  and  slow  backdrive  conditions  are  less  stiff.  The  reduction  in  stiff¬ 
ness  with  fast  backdriving  leaves  almost  no  stiffness  for  flutter  restraint. 

The  degradation  in  stiffness  resulting  from  under-command  and  stall  conditions  could 
probably  be  reduced  to  acceptable  levels  by  actuator  and/or  structural  changes  to  increase 
stiffness.  This  is  also  true  of  the  slow  blowback  case.  A  system  that  is  subject  to  rapid  back- 
driving  must  have  a  method  of  flutter  restraint  not  dependent  on  actuation  system  stiffness  if 
the  duration  of  the  backdriving  condition  will  allow  flutter  to  develop.  Since  the  slow  back- 
driving  does  not  significantly  reduce  stiffness,  it  is  possible  to  restrain  flutter  by  sizing  the 
bypass  valve  to  prevent  rapid  backdriving.  This  arrangement  would  require  that  loads  caused 
by  actuator  failures  be  relieved  by  another  valve  controlled  by  failure  detection  and  switch¬ 
ing  logic. 

Electric  stiffness  compensation  has  been  proven  to  be  a  valid  method  of  increasing  the 
low  frequency  stiffness  and  static  performance  without  affecting  actuator  stability  or  high- 
frequency  performance. 

A  system  that  depends  on  structural  feedback  through  a  complex  structure  to  control 
static  stiffness  is  undesirable  and  should  be  avoided.  If  the  structural  feedback  is  destabilizing 
t increases  static  stiffness),  it  magnifies  any  structural  asymmetry.  The  best  methods  of  static 
stiffness  control  arc  through  pressure  feedback  or  reaction  linkage  that  can  be  controlled. 

5.5  BOTTOMING  LOADS  TEST 


The  load  Imposed  on  an  actuator  and  surrounding  structure  upon  impact  against  inte¬ 
gral  end  stops  is; 


a — H 


where 


Fj  «  force  of  impact  ( lb) 
cjj  “  impact  velocity  (rad/sec) 


FIGURE  91-COMPOSITE  SYSTEM  STIFFNESS  FREQUENCY  RESPONSE 


Kj  =  structural  spring  rate  (in.-lb/rad) 

J  =  control  surface  rotational  inertia  (lb-in.-sec^) 

R  =  actuator  moment  arm  at  impact  (in.) 

Because  of  the  geared  elevator  geometry,  the  inertia  of  the  SST  horizontal  stabilizer 
varied  with  surface  angle  as  shown  in  figure  91.  It  is  largest  in  the  trailing-edge-up  condition 
(maximum  negative  surface  angle),  where  the  actuator  moment  arm  is  the  smallest.  Because 
of  these  geometry  factors  and  the  inexact  structural  spring  values,  the  actuator  design  had 
end  snubbing  in  the  extend  end  only. 

Early  in  the  test  program,  the  simulated  elevator  structure  failed  and  the  elevators  were 
removed.  The  rotational  inertia  of  the  horizontal  stabilizer  with  no  elevators  decreased  as 
shown  in  figure  91 .  All  data  in  the  bottoming  loads  testing  were  taken  without  the  elevators 
installed  and  have  been  extrapolated  to  the  elevator-installed  configuration  to  verify  the 
design. 

5.5.1  Test  Objective 

The  bottoming  loads  tests  were  performed  to  verify  the  design  of  the  end  snubbing  and 
to  determine  the  loads  imposed  on  the  actuator  and  surrounding  structure  by  impact  at 
maximum  design  surface  rate. 

5.5.2  Test  Description 

The  surface  was  driven  at  the  maximum  rate  possible  against  the  end  stops  in  both 
directions.  The  actuator  load  pressures,  the  forces  in  one  actuator  attachment,  piston  rate, 
and  surface  rate  were  measured. 

5.5.3  Test  Results 

Figure  92  shows  data  for  the  actuator  being  driven  against  the  down  stops.  The  maxi¬ 
mum  surface  rate  achievable  was  23.47see.  When  the  actuator  impacted  against  the  stops,  the 
load  developed  was  i  2,000  lb.  When  this  value  is  adjusted  to  reflect  the  29#/sec  design  veloc¬ 
ity  and  for  the  elevator  effects,  the  impact  force  would  be  25,300  ib. 

Figure  93  shows  the  actuator  being  driven  against  the  up  stops.  The  maximum  surface 
rate  developed  was  23*/sce.  When  the  actuator  entered  the  snubbing  region,  the  surface  rate 
was  slowed  to  3*/sce.  When  the  piston  hit  the  end  stops  at  this  low  rate,  the  force  developed 
was  very  small  (less  than  3000  Ib).  A  force  level  this  low  made  extrapolation  of  data  for 
adjustment  to  high  rates  and  elimination  of  'snubbing  difficult.  Therefore,  the  impact  force 
from  the  other  end  of  the  stroke  was  adjusted  to  the  higher  values.  After  adjustment  for  dif¬ 
ferences  in  moment  arm,  increased  Inertia,  and  the  29*/sce  design  surface  rate,  the  non- 
stutbbed  impact  force  for  the  trailing-edge-up  direction  was  40,000  ib. 

It  should  be  holed  that  the  acceleration  forces  for  both  cases  were  higher  than  the 
impact  forces,  lift  he  trailing-edge-up  direction,  the  acceleration  force  was  50.000  Ib,  which 
was  greater  than  the  value  that  was  calculated  by  assuming  no  snubbing  and  including  ele¬ 
vator  effects. 
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FIGURE  93. -ACTUATOR  BOTTOMING -  UP  STOPS,  WITH  SNUBBING 


5. 5.4  Conclusions 


Snubbing  was  very  effective  in  this  actuator  design.  However,  actuators  capable  of 
exerting  large  forces  can  also  withstand  high  loads  due  to  impact.  The  SST  horizontal  stabi¬ 
lizer  actuators  were  designed  to  exert  forces  of  87,000  lb  each.  In  no  case  did  the  impact 
loads  without  snubbing  approach  this  value.  Unless  fatigue  loading  would  shorten  the  life  of 
the  actuator,  snubbing  cannot  be  justified. 

5.6  MAIN  ACTUATOR  FAILURE  DETECTION  AND  EFFECTS  TESTS 

In  a  parallel  installation  of  flight  control  actuators,  some  provision  must  be  made  to 
offset  the  effects  of  single  actuator  malfunction  so  that  the  remaining  actuators  can  continue 
to  function  at  levels  adequate  for  safe  flight.  In  the  case  of  the  SST  longitudinal  control  sys¬ 
tem,  certain  malfunctions  and  failures  within  an  actuator  can  be  counteracted  by  providing  a 
pressure-operated  relief/bypass  valve  on  each  actuator.  Operation  of  this  valve  is  described  in 
section  3.2.2. 1. 

The  primary  purpose  of  this  relief/bypass  valve  is  to  act  as  an  overpressure  relief  valve 
for  the  main  servo  actuator  in  both  the  pressurized  and  unpressurized  conditions  (see 
fig.  94).  For  example,  if  a  control  link  to  a  main  control  valve  becomes  jammed  or  discon¬ 
nected,  the  actuator  would  try  to  go  hard-over  and  would  resist  movement  of  the  other  actu¬ 
ators  when  they  attempt  to  baekdrive  the  malfunctioning  actuator  against  its  hardover  com¬ 
mand.  This  condition  is  prevented  by  bypassing  the  cylinder-to-cylinder  flow  whenever  load 
pressure  exceeds  supply  pressure. 

By  incorporating  an  electrical  transducer  to  sense  the  position  of  the  relief/bypass  valve 
slide,  a  remote  failure  indication  of  abnormal  operation  of  the  main  actuator  is  provided  to 
the  flight  crew,  A  “failure'*  is  indicated  when  either  cylinder  pressure  equals  the  supply  pres¬ 
sure.  The  indicator  system  was  also  mechanized  to  indicate  valve  motion  when  hydraulic 
power  was  supplied  to  the  actuators.  This  function  was  to  be  used  during  preflight  operations 
to  indicate  that  the  relief/bypass  valve  was  not  Jammed. 

$.6.1  lest  Objectives 

The  objectives  of  these  tests  were  to  verify  the  hydraulic  function  of  the  main  actuator 
relief/bypass  valve,  to  determine  the  electrical  signal  characteristics  to  enable  design  of  the 
failure  detection  circuitry,  to  establish  the  failure  detection  and  indication  sensitivity  of  the 
relief/bypass  valve  to  various  misriggbtg  or  failure  conditions,  to  evaluate  the  detection 
method  as  an  effective  means  of  signaling  a  faded  or  misrigged  condition,  and  to  determine  if 
the  relief/bypass  valve  is  stable  in  a  variety  of  bypass  conditions. 

5.6.2  Test  Description 

The  rehef/bypass  valve  failure  detection  and  indication  sensitivity  was  tested  by  mis* 
rigging  one  actuator  by  different  amounts  with  respect  to  the  other  three  actuators.  Tire  »ys* 
u*m  was  commanded  at  several  different  rates  to  determine  what  conditions  of  loading,  mis* 
rigging,  and  rate  of  motion  would  result  in  failure  detection  signals. 


In  combination  with  the  detection  tests,  hydraulic  power  to  one  of  the  three  actuators 
that  was  not  misrigged  was  turned  off  to  ascertain  the  effect  on  the  failure  detection  scheme 
of  a  second  failure  in  the  system. 

The  stability  of  the  relief/bypass  valve  was  evaluated  by  sinusoidally  backdriving  an 
actuator  that  had  been  commanded  to  a  hardover  position,  with  and  without  hydraulic 
power  to  the  actuator. 

5.6.3  Test  Results 

Figures  95  and  96  show  the  time  histories  that  verify  relief/bypass  valve  operation  for 
an  actuator  failed  hard-over,  unpressurized  and  pressurized,  respectively. 

As  shown  in  figure  97,  between  2° and  3.5° of  equivalent  misrigging  caused  the  relief/ 
bypass  valve  to  signal  a  system  malfunction.  At  2°misrig,  detection  was  evident  only  in  the 
extend  direction,  but  at  3.5°misrig  there  was  continuous  detection  for  all  rates,  extend  or 
retract. 

In  addition,  when  an  actuator  had  been  misrigged  in  any  amount  greater  than  the  equiv¬ 
alent  of  2°of  stabilizer  travel  and  was  backdriven  at  a  rate  greater  than  2.28°/sec  of  stabilizer 
travel,  the  bypass  valve  would  go  into  a  limit  cycle  (see  fig.  98).  The  frequency  of  the  limit 
cycle  was  audible  at  approximately  580  Hz  and  was  modulated  at  30  Hz.  The  valve  func¬ 
tioned  properly  when  an  actuator  was  backdriven  against  a  hardover  command  at  a  rate 
equivalent  to  0.4°/sec  of  stabilizer  travel  (see  fig.  96). 

5.6.4  Conclusions 

These  tests  have  shown  that  the  relief/bypass  valve  operation  is  affected  by  the  magni¬ 
tude  of  force  sharing  between  the  actuators  as  represented  by  misrigging  (see  fig.  97).  It  was 
pointed  out  in  section  5.3  that  the  fatigue  life  of  the  common  mounting  structure  of  the 
actuators  establishes  the  limit  on  the  degree  of  force  synchronization  between  them.  On  the 
SST  this  limit  was  established  at  800  psi  maximum,  and  is  equivalent  to  misrigging  one  actu¬ 
ator  approximately  1/4°  of  stabilizer  travel  with  respect  to  the  other  three.  These  tests  have 
shown  that  one  actuator  could  be  misrigged  nearly  eight  times  greater  than  the  established 
limit  without  relief/bypass  valve  operation.  Since  this  is  considerably  greater  than  the  1  / 4° 
rnisrig  limit,  these  tests  show  that  the  relief/bypass  valve  would  function  properly  during 
normal  operation  for  the  rates  tested. 

Also,  for  the  SST  a  certain  probability  existed  that  a  combination  of  airplane  maneuvers 
and  gust  conditions  could  produce  actuator  forces  that  would  exceed  the  capability  of  the 
actuators.  Under  these  conditions  relatively  little  misrigging  ( I /4°)  of  one  actuator  can  cause 
a  failure  indication.  Although  the  system  is  within  tolerance,  this  transient  condition  would 
result  in  nuisance  failure  warnings  to  the  flight  crew  during  this  flight  condition.  Therefore, 
the  failure  detection  circuitry  would  have  to  provide  a  time  delay  to  prevent  transient  condi¬ 
tion  indications. 

Stability  of  the  bypass  valve  is  also  sensitive  to  rate  of  command  of  the  actuators.  When 
the  command  rate  was  increased  to  2.0°/sec,  the  valve  became  unstable. 


FIGURE  95,  -FAILURE  DETECTION  AND  EFFECTS  TEST 


Misrig  Condition  |  4.5°Misrig  Condition 

FIGURE  97. -MAIN  ACTUATOR  BYPASS  VAL  VE— MALFUNCTION  DETECTION 


Mechanical  command 
Hydraulic  fluid  temperature  140°F 


FIGURE  95.— FAILURE  DETECTION  AND  EFFECTS  TEST 


A  review  of  the  design  of  the  relief/bypass  valve  points  out  that  the  valve  instability  is 
not  caused  by  either  steady-state  flow-induced  forces  or  the  hydraulic  reaction  transient 
forces.  Both  of  these  forces  on  the  valve  are  in  a  direction  that  stabilizes  it,  and  both  are 
directly  proportional  to  the  area  gradient  of  the  valve  and  the  pressure  drop  through  it.  Since 
the  area  gradient  and  pressure  drop.are  both  large,  the  steady-state  and  transient  forces 
would  not  cause  instability.  The  instability  of  the  valve  is  believed  to  be  due  to  non- 
linearities  that  are  attributed  to  the  hysteresis  of  the  centering  springs  and  stiction  in  the 
valve  itself.  However,  this  was  not  investigated  during  these  tests. 

5.7  EC  SERVO  FAILURE  DETECTION  TEST 

Fail-operational  capability  is  achieved  by  coupling  the  four  EC  servos  to  the  EC  servo 
synchronization  shaft  and  by  limiting  the  force  of  each  EC  servo  by  the  EC  servo  equalizer. 
With  this  force  voting,  alt  four  actuators  receive  similar  commands  and  minimum  surface 
transients  when  one  or  two  EC  servos  arc  failed  or  shut  off. 

Because  of  this  fail-operational  capability,  reliance  upon  the  failure  detection  system  is 
not  required  for  safety.  The  failure  detection  system  must  annunciate  failures  to  the  crew  for 
action,  but  it  can  be  designed  with  thresholds  and  time  delays  significantly  above  the  system 
operating  levels  thereby  eliminating  “nuisance”  and  false  indications. 

However,  under  certain  conditions  opening  up  thresholds  and  time  delays  allows  passive 
or  oscillatory  failures  to  go  undetected.  Although  an  undetected  failure  does  not  affect  air¬ 
plane  performance,  a  second  failure  may  cause  critical  degradation  in  airplane  performance. 

It  is  important  in  the  failure  detection  system  design  to  analyze  the  electronic  system  to 
determine  combinations  of  component  failures  that  can  be  critical.  The  companion  docu¬ 
ment  to  this  volume,  D6-60271 ,  describes  such  an  analysis  used  to  establish  failure  mode 
criticality  on  the  SST  lateral-directional  control  system. 

The  failure  detection  system  designed  for  the  SST  longitudinal  control  system,  as 
described  in  section  3.1.2  and  shown  on  figure  99,  consisted  of  the  static  failure  detection 
(SFD)  and  the  dynamic  failure  detection  (DFD)  systems.  Although  the  trip  levels  were  not 
confirmed  by  a  thorough  failure  mode  criticality  analysis,  the  SFD  was  set  to  indicate  a  fail¬ 
ure  in  a  channel  if  that  channel  differed  from  the  other  channels  by  more  than  ±5°of  stabi¬ 
lizer.  The  DFD  was  set  to  indicate  at  ±2° difference.  Both  the  SFD  and  DFD  had  a  1-sec  time 
delay. 

5.7.1  Test  Objectives 

The  objectives  of  this  test  were  to  verify  the  detection  capability  of  the  SFD  and  DFD 
and  to  determine  the  failure  transients  at  the  control  surface  for  the  following  simulated  FC 
servo  failure  conditions: 

•  Hard-over  (3° step  command  to  one  channel) 

•  Passive  (open  servovalve  coil  in  one  channel  with  ±3° at  0.02-Hz  triangle  wave 
command  to  the  other  three  channels) 


•  Slow-over  (0.  l*/sec  ramp  command  to  one  channel) 

«  Oscillatory  (±3°  at  0.02-Hz  triangular  wave  command  to  one  channel) 

5.7.2  Test  Description 

All  failures  were  introduced  to  EC  servo  channel  1  since  it  was  one  of  the  outboard 
channels  and  resulted  in  maximum  stabilizer  deflections.  The  failures  imposed  were  chosen 
to  trip  the  failure  detection  system  if  working  properly. 

5.7.3  Test  Results 

The  test  results  are  shown  on  figure  100.  The  hardover ,  passive,  and  oscillatory  failures 
were  properly  detected  by  the  DFD  after  the  1-sec  time  delay.  In  the  slowover  case,  the 
equalization  detent  tended  to  remain  near  its  center  position  offset  only  wtough  to  provide  a 
small  input  command  for  offloading  the  failure.  After  50  sec,  the  equalization  integrator 
reached  a  correction  level  of  5°and  the  SFD  indicated  a  failure. 

For  all  failures,  the  stabilizer  transients  were  within  0. 1°  of  the  command  by  the  three 
unfailed  channels.  This  transient  is  considered  negligible  and  would  permit  essentially 
unchanged  controllability  while  the  crew  evaluated  the  failure  indication. 

5.7.4  Conclusion 

The  SST  fail-operational  concept  ensures  minimum  stabilizer  failure  transients  (0. 1°)  for 
any  single  EC  servo  failure  in  four-,  three-,  or  two-channel  operation.  The  test  results  indicate 
that  the  failure  detection  system  as  designed  could  be  used  with  confidence  without  “nuis¬ 
ance  trip"  problems.  A  failure-mode  criticality  analysis  to  determine  the  criticality  of  any 
undetected  single  failure  or  combinations  of  failures  must  be  performed  to  ensure  adequacy 
of  the  detection  system  as  well  as  formulating  preflight  and/or  system  test  requirements. 

5.8  HIGH  HYDRAULIC  FLOW  RATE  TEST 

Large  hydraulic  actuators,  such  as  those  used  to  actuate  large  flight  control  surfaces, 
require  high  hydraulic  flow  rates  when  moved  rapidly.  Traditional  hydraulic  design  practice 
has  been  to  limit  the  fluid  velocity  in  tubing  to  1 5  to  30  ft/sec.  The  result  of  this  limitation  is 
smalt  pressure  surges  and  low  pressure  drop.  For  an  airplane  such  as  the  SST,  weight  optimi¬ 
zation  studies  determined  that  a  significant  weight  saving  was  available  if  small-diameter 
tubing  and  high  flow  rates  were  used.  Fluid  velocities  of  approximately  60  ft/sec  were  used 
in  the  design  under  test. -The  pressure  loss  in  the  tine  for  maximum  design  velocity  of  the 
actuator  was  3000  psi,  approximately  one-half  in  the  supply  and  one-half  In  the  return  lines. 
If  the  surge  pressure  analysis  had  been  done  using  lumped  parameters,  lossless  tine,  and  linear 
equations,  the  expected  surge  pressure  would  have  been  2250  psi  and  peak  pressures 
6400  psi.  The  design  limit  was  1450  psi  surge  pressure  or  5600  psi  peak  pressure.  A  digital 
computer  program  (HYTRAN)  was  used  to  make  a  more  exact  analysis,  Including  branch 
lines,  leakage  flows,  shaped  valve  ports,  distributed  fluid  and  line  parameters,  and  pump 
characteristics.  This  computer  analysis  was  used  to  design  the  lightest  weight  system  that 
would  meet  performance  requirements  with  acceptable  surge  pressures. 
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FIGURE  1Q0.-EC SERVO  FAILURE  DETECTION  TEST RESULTS-ALL  EQUALIZATION 


5.:U  Test  Objectives 


Test  objectives  were  to  determine  the  dynamic  characteristics  of  transient  pressure  in 
the  hydraulic  supply  and  return  lines  to  show  compliance  with  design  goals  and  to  compare 
the  results  to  analytical  predictions  to  gain  confidence  in  analytical  methods  for  future  sys¬ 
tem  design. 

5.8.2  Test  Description 

The  SST  horizontal  stabilizer  hydraulic  plumbing  was  approximated  by  using  lines  of 
appropriate  length  and  diameter  to  connect  one  actuator  to  the  high-temperature  hydraulic 
system.  This  simulation  is  shown  schematically  in  figure  67.  Another  actuator,  connected  to 
the  other  hydraulic  system,  was  used  to  help  drive  the  surface  in  order  to  get  higher  flow 
rates.  The  surface  was  signalled  in  a  manner  that  developed  steady-state  maximum  flow  and 
then  the  valve  was  closed  rapidly  to  develop  maximum  surge  pressure.  Tests  were  run  with 
various  oil  temperatures  up  to  340°  F. 

5.8.3  Test  Results 

The  test  results  were  in  good  agreement  with  analytical  predictions.  Peak  pressure  levels 
due  to  pressure  surges  were  less  than  design  allowables.  Figure  101  shows  the  comparison 
between  analytical  and  test  results  for  the  340° F  case,  the  only  one  analyzed  by  computer 
(HYTRAN),  The  analytical  results  for  the  pressure  line  gave  conservative  answers  for  the  two 
most  important  design  questions.  The  peak  pressure  and  the  number  of  cycles  of  pressure 
peaks  were  both  lower  than  predicted,  but  the  surge  pressure  was  much  less  conservative  than 
a  simple  lumped-parameter  calculation  would  give.  The  damping  ratio  of  the  pressure  peak  is 
difficult  to  calculate  analytically.  The  first  pressure  peak  (1400  psi)  was  not  clearly  defined 
in  the  computer  results  due  to  a  more  rapid  pressure  recovery  predicted  by  the  analysis.  The 
magnitude  of  the  first  pressure  peak  can  be  calculated  accurately  by  lumped-parameter 
methods  by  using  the  speed  of  sound  in  the  hydraulic  lines  that  would  give  (he  same  fre¬ 
quency  of  pressure  oscillations  predicted  by  the  computer  analysis.  The  calculated  value 
using  this  method  for  the  first  pressure  peak  was  1 380  psi.  Had  the  pump  response  been 
faster  and  the  line  losses  less,  the  peak  pressure  would  still  have  been  less  than  design  allow¬ 
able  (see  fig.  102). 

The  computer  simulation  of  the  return  side  of  the  system  was  not  as  good  as  the  simu¬ 
lation  of  the  supply  side.  Hie  predicted  peak  return  pressure  was  20*$  less  than  the  actual 
value.  However,  the  difference  would  be  acceptable  in  return  line  design  since  return  lines 
were  designed  for  half  supply  pressure  for  other  operating  conditions.  The  computer  program 
did  not  predict  the  pressure  surges  caused  by  the  collapse  of  the  cavitation  bubble  created  by 
rapid  closure  of  the  valve.  Additional  computer  subroutines  are  now  available  which  could 
predict  this  pressure  activity. 

A  comparison  of  pressure  line  transients  resulting  from  rapid  valve  operation  at  90* and 
340° {*  in  shown  in  figure  103.  The  higher  peak  pressure  reached  at  ‘>5“p  was  due  to  the 
higher  bulk  modulus  of  the  fluid  at  this  temperature,  lire  first  pressure  peak  started  from  a 
lower  pressure  because  of  the  greater  line  losses  at  lower  temperature.  The  damping  as  indi¬ 
cated  by  the  larger  number  of  pressure  cycles  after  valve  closure  was  less  at  low  temperatures 
due  to  decreased  actuator  and  system  leakage. 
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FIGURE  10  f.  —COMPARISON  OF  COMPUTER  AND  TEST  DA  TA 


FIGURE  W2.-SUPPL  Y  UNE  SURGE  PRESSURE  ADJUSTED  TO  4 150  PSf 
BASELINE  PRESSURE 
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FIGURE  103 :  -SUPPL  Y  L  tNE  SURGE  PRESSURE 


Tlie  return  line  pressure  transients  are  compared  for  95°  and  340°  F  in  figure  104.  The 
peak  pressure  in  each  case  was  about  the  same.  The  peak  was  caused  by  rapid  connection  of 
actuator  cylinder  pressure  of  2000  psi  to  a  column  of  fluid  at  rest.  For  the  system  tested,  the 
return  lines  were  of  relatively  small  diameter,  and  there  was  no  volume  of  fluid  near  the  actu¬ 
ator  to  reduce  the  pressure  by  fluid  compression.  Since  the  cylinder  pressure  changes  very 
little  with  temperature  and  the  system  resistance  to  fluid  acceleration  is  changed  little  by 
temperature,  the  same  peak  pressure  value  was  expected.  In  systems  with  large  return  lines, 
the  return  line  pressure  surge  is  much  less  and  even  lower  pressures  will  oecur  if  return  line 
accumulators  are  used. 

5.8.4  Conclusions 

Design  of  hydraulic  control  systems  with  a  major  portion  of  the  pressure  drop  in  the 
hydraulic  lines  is  an  acceptable  way  to  reduce  system  weight.  The  pressure  line  surges  that 
would  be  expected  with  high  fluid  velocities  occur,  but  with  lower  initial  pressure  due  to 
flow  losses  in  the  tubing  the  peak  pressure  is  reduced.  The  return  line  is  subjected  to  high 
pressures  upon  rapid  opening  of  the  actuator  valve  unless  return  line  capacitance  is  provided. 
This  effect  must  be  considered  in  the  design. 

The  HYTHAN  analysis  method  used  to  predict  transient  behavior  was  m  good  agree¬ 
ment  with  test  data  for  the  pressure  side  of  the  system  and  could  be  used  with  confidence  as 
a  design  too!  even  though  minor  discrepancies  would  be  present  for  the  return  ;>ide  data. 
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FIGURE  104  -RETURN  LINE  SURGE  PRESSURE 
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LINEAR  ANALYSIS  EQUATIONS  OF  STABILIZER  ACTUATION  SYSTEM 


INTRODUCTION 

This  appendix  contains  equations  and  transfer  functions  which  define  the  dynamic  per¬ 
formance  of  an  actuation  system  without  air  loads  but  including  structure  and  surface  struc¬ 
ture.  First,  the  stiffness  transfer  function  is  developed  to  define  both  static  and  dynamic 
stiffnesses.  The  open-loop  transfer  function  of  the  actuator  is  then  developed  to  define  sta¬ 
bility  margin  and  relate  it  to  the  stiffness  transfer  function.  The  closed-loop  transfer  function 
is  developed  to  show  the  relationship  of  the  overall  dynamic  performance  to  stiffness,  and 
finally,  a  scheme  for  electrical  stiffness  compensation  is  discussed. 

Actuator  installations  of  the  type  analyzed  herein  are  characterized  as  follows: 

•  Load  damping  (structural  damping)  is  very  low  =  0.01  to  0.02)  and  cannot  be 
reliably  predicted  until  the  structure  is  built;  it  is  usually  considered  to  be  zero  in 
the  stability  analysis. 

*  Viscous  damping  forces  and  friction  in  actuators  of  this  size  are  not  great  enough 
to  introduce  significant  damping  of  large  inertias,  and  are  neglected  in  the  analysis. 

LINEAR  MODEL 

The  horizontal  stabilizer  actuator  system  has  four  identical  actuators  driving  a  common 
load.  However,  the  system’s  dynamic  performance  can  be  described  by  analyzing  one  actu¬ 
ator  driving  1/4  of  the  load  (inertia). 

A  linear  model  of  a  single  actuator  can  be  constructed  by  assuming  small  perturbations 
about  a  steady-state  operating  point  in  a  pressure  region  where  the  relief  and  bypass  valves 
are  not  operating. 

A  simplified  schematic  of  the  actuator  from  which  a  linear  model  was  developed  is 
shown  in  figure  A-l .  All  motions  and  forces  arc  designated  positive  which  cause  a  positive,  or 
.trailing-edge-down  stabilizer.  All  structure  is  originally  considered  rigid,  so  that  a  fixed  rela¬ 
tionship  exists  between  actuator  retraction  or  extension  and  actuator  rotation.  The  load 
(“stabilizer”)  is  represented  by  a  second-order  system  equivalent  to  the  first-mode  natural 
frequency  of  the  surface. 

A  block  diagram  of  the  model  is  shown  in  figure  A-2.  The  EC  servo  is  depicted  as  “no- 
load,”  since  its  load  poles  are  approximately  200  cps  (1200  rad/sec)  and  have  no  effect  at 
the  frequencies  of  interest.  The  model  can  be  reduced  to  the  simplified  block  diagram  in 
figure  A-3  by  the  following  assumptions: 

•  Replace  the  EC  servo  with  a  first-order  transfer  function. 


•  Neglect  viscous  damping  between  the  cylinder  and  piston. 


FIGURE  A-1. -LINEAR  ACTUATOR  MODEL 


- SIMPLIFIED  BLOCK  DIAGRAM 


•  Neglect  housing  and  piston  masses  (natural  frequencies  are  in  excess  of  300  cps). 

•  Combine  the  oil,  housing,  and  rod  springs  into  a  single  spring  constant  K  (equiva¬ 
lent  to  pin-to-pin,  frequency-independent  dynamic  stiffness). 

•  The  rod  spring  constant  exceeds  the  load  spring  constant  by  a  large  ratio;  there¬ 
fore,  redefine  Xp  =  and  Fp  =  AF. 

•  Since  the  effect  of  actuator  pressure  feedback  (Rpp)  is  identical  to  the  effects  of 
leakage,  housing  feedback,  and  the  inverse  of  pressure  gain,  all  these  terms  are 
combined  as  a  single  pressure  feedback  term  Rpp. 

•  Combine  the  input  ratios  and  feedback  ratios  as  Rj^  and  Rp,  respectively. 

Since  the  EC  servo  is  not  a  part  of  the  feedback  loop,  it  has  no  effect  on  the  actuator 
dynamics,  and  will  not  be  included  until  electrical  stiffness  compensation  is  discussed. 

Equations  of  the  block  diagram  (fig.  A-3)  are  summarized  in  the  following  matrix 
equation,  with  valve  command  as  the  input: 
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STIFFNESS 

An  actuation  system  is  viewed  as  two  devices:  ( 1 )  as  a  servo  system  to  force  the  surface 
to  its  commanded  position,  and  (2)  as  a  large  stiffness  to  the  flutter  modes.  The  latter  view  of 
the  system  is  discussed  first  to  illustrate  the  definition  of  stiffness. 

The  stiffness  transfer  function  is  derived  by  assuming  no  input  commands  (Xvy  =  0) 
and  applying  a  sinusoidal  force  to  the  load.  Neglecting  the  mass  and  damping  of  the  piston 


and  recognizing  that  the  applied  force  is  equal  to  the  negative  of  the  load  force,  the  stiffness 
transfer  function  is: 


(  KV 

-Fl(s)  K^s+  K(s  +  cog) 

Xp(s)  (+KKyRPF^  (s  +  copj)  ^A^ 


The  quantity  (Ky  Rp)/A  is  the  position  feedback  loop  gain  and,  for  a  first-order  system, 
is  identical  to  the  no-load  servo  break  frequency,  cog.  The  quantity  (K  Ky  Rpp)/A2  is  the 
pressure  feedback  loop  gain,  and  will  be  referred  to  as  the  dynamic  stiffness  break  frequency, 
coD. 

Static  stiffness  and  frequency-independent  dynamic  stiffness  are  defined  as  the  value  of 
the  transfer  function  expressed  in  equation  (2)  at  s  =  0  and  s  =  <*,  respectively: 
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Pfl1 

— J  ~  K  =  K^(oo)  =  frequency-independent  (4) 

F  s=°o  dynamic  stiffness 

A  straight-line  approximation  for  the  stiffness  transfer  function  is  shown  in  figure  A-4,  with 
the  actual  transfer  function  superimposed. 

STABILITY 

The  actuator  stability  will  be  determined  from  the  open-loop  position  transfer  function 
by  applying  the  Nyquist  stability  criteria,  From  equation  (1): 
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where: 


(12) 


The  closed-loop  transfer  function  is: 

XP<S>  G(s) 

Xy^(s)  1  +  Rp  G(s) 


The  Nyquist  criterion  for  stability  requires  that  the  quantity  l  +  Rp  G(s)  must  not  be  zero: 


Rp  G(jco)  <  1.0  /ISO0 
or  IRp  G(jcc)  I  <  1.0,  at  180° 


(13) 


For  complicated  transfer  functions,  ii  is  usually  necessary  to  compute  the  Nyquist  plot 
to  determine  the  frequency  at  which  a  phase  shift  of  180°  occurs.  However,  evaluating  equa¬ 
tion  ( 1 1 )  at  s  =  jcoQ  yields: 


Rp  G(jw0) 


Kv  Rp  cup-  (-coq^  +  copz) 


A  m,  2  +  2  tv, 


.  *  *  A 


(14) 


Ky  Rp  -U>Q2  + 

A  2  fQ  ojp  WL2 

Combining  equations  (7),  (8),  (9),  and  (14): 

-A  Rp  A  Rp 
Rp  G(jw0)  =  Yr^J  =  K%T 


(15) 


or 

A  Rp  X^(0) 

IRpGOwp)!  =  ^  =  s  stiffness  ratio  <  1  (16) 

Equation  (16)  states  that  the  system  is  stable  it  ,  and  only  if,  the  static  stiffness  is  less 
than  the  frequency-independent  dynamic  stiffness.  The  stability  criterion  defined  in  equation 
(16)  does  not  specify  damping  ratio,  except  that  it  will  be  in  excess  of  zero.  Furthermore,  the 
criterion  is  independent  of  the  load  mass  or  load  spring  (Ml  and  Kl). 

The  Bode  plot  in  figure  A-6  illustrates  the  frequency  response  of  the  open-loop  system 
and  the  gain  and  phase  margins  of  the  system.  The  level  of  0  dB  is  equivalent  to  a  loop  gain 
of  1.0,  and  occurs  at  a  frequency  of  (Ky  Rp)/A,  the  open-loop  gain  (eq.  14). 

RELATIONSHIP  OF  OPEN-LOOP  DAMPING  RATIO  AND  STIFFNESS  RATIO 

The  open-loop  damping  ratio  cannot  be  obtained  from  examination  of  the  stiffness 
ratio,  even  though  a  stiffness  ratio  less  than  1 .0  implies  a  system  with  positive  damping. 
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Angle  of  RpG(jcj).  deg  Magnitude  of  RpGIjcu),  dB 


FIGURE  A  6 -OPEN  LOOP  FREQUENCY  RESPONSE 
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However,  their  relationship  can  be  illustrated  by  varying  system  parameters  and  observing 
the  changes  in  the  stiffness  frequency  response  and  the  open-loop  frequency  response. 

The  relative  effects  of  the  actuator  spring,  K,  and  the  load  spring,  K^,  cannot  be  shown 
exactly  since  they  combine  to  form  the  total  spring,  Kjqj.  However,  Kj^  is  estimated  to  be 
less  than  one-half  of  K  for  the  SST  horizontal  stabilizer  actuation  system,  and  approximate 
effects  can  be  illustrated. 

From  equations  (7)  and  (8),  open-loop  damping  ratio  and  natural  frequency  can  be 
expressed  as: 


_  Atot  _  /  kkl 

°V  Ml  -yMURT 


kl> 


(17) 


Ml  ■  ^  v^l ktot  .... 


Assuming  piston  area,  toad  mass,  and  load  spring  to  be  constants,  the  following  discus¬ 
sion,  together  with  the  graphic  illustrations  in  figure  A-7,  describes  the  sensitivity  of  damping 
ratio  to  variations  in  the  remaining  parameters. 


a)  Actuator  spring  (fig.  A-7a) 


Assume  the  actuator  spring,  K,  is  increased  by  a  facto.  (x>.  by  either  a  decrease  of 
temperature  (oil  bulk  modulus  increase)  or  a  decrease  of  oil  volume.  The  actuator 
spring,  gain  margin,  and  dynamic  stiffness  break  frequency,  to^,  increase  propor¬ 
tionately.  Since  the  actuator  spring  is  combined  with  the  load  spring,  an  increase 
of  the  actuator  spring  (decreased  temperature)  causes  only  a  small  increase  of  the 
open-loop  natural  frequency  and  damping  ratio,  as  follows: 


kA  (0)  a  kA{0) 

Ka^06)  =  x  Ka(«9) 

%  B  ws 

(x  K)  Ky  Rptr 

wdx  =  -  *  wi> 

HTkTk[  J— 

V  (TK)TrL  •  m[  89  wo 


So  = 


KyRpp  /xK)Kt  Mt 

:  A:  v  (x  K)  +  kl 


(19) 
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b)  Valve  flow  gain  (fig.  A-7b) 


As  the  valve  flow  gain,  Ky,  is  increased  by  a  factor  (x),  the  servo  and  dynamic 
stiffness  break  frequencies,  and  Wq,  increase  proportionately,  and  the  fre¬ 
quency-dependent  stiffness  decreases  proportionately.  The  open-loop  damping 
ratio  increases  proportionately  to  flow  pin,  but  the  gain  margin  is  unchanged: 


KAx  <°>  =  KA  <0) 

KAx<~>  -  *A<“> 

(X  Ky)  Rp 

WSX  - - a - -  x  WS 


wox  =  w0 

(xKy)Rpp  - - 

fOx  vL  Ktot  =  Xf° 


cl  Position  feedback  pin  (fig.  A-7e) 

If  the  position  feedback  pin,  Rp.  is  increased  hy  a  factor  u).  the  servo  break 
frequency,  and  the  low-frequency  stiffness  (static  stiffness),  increase  propor¬ 
tionately.  The  open-loop  natural  frequency  and  damping  ratio  are  unchanged,  but 
the  gain  margin  decreases  as  a  result  of  the  open-loop  pin  increase: 

KAx(0)  «  x  Ka(0) 

Ka  (*>  «  Ka(») 

Ky  (X  Rp) 

wsx  a  - X -  “  x  WS 

wOx  “ 

hxah 

d)  Pressure  feedback  pin  (fig.  A-7d) 

If  the  pressure  feedback  gain,  Rpp,  is  increased  by  a  factor  (x).  the  static  stiffness 
and  frequency-dependent  stiffness  decrease  proportionately  and  the  dynamic  stiff¬ 
ness  break  frequency  increases  proportionately.  The  open-loop  damping  ratio  and 
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dynamic  stiffness  break  frequency  increase  proportionately  to  (x),  resulting  in  an 
increased  gain  margin: 


Ka  (0)  = 
ax 


ARf  _  Ka(0) 
(x  Rpp)  ~  x 


KAx(°°>  =  KA(oo) 

wsx  =  ws 


K  Ky  (x  Rpp) 
A2 


=  xwD 


wOx  =  wO 


AiLKT0T  -  x 

2  A“  V 


k) 


\ 


(22) 


As  shown  in  equation  (2)  and  noted  above,  the  load  constants  do  not  affect  the  stiffness, 
ratio.  However,  they  do  affect  the  open-loop  natural  frequency  and  damping  ratio,  as  shown 
in  equations  (7)  and  (8).  The  effects  on  open-loop  response  of  variations  in  the  toad  mass  and 
load  spring  are  illustrated  in  figure  A-8  and  are  discussed  below: 

a)  Load  mass  and  load  spring  (fig.  A- 8a) 


Assume  an  increase  in  the  load  mass  and  spring  by  the  factor  ix l,  The  load  natural 
frequency  is  unchanged,  the  open-loop  natural  frequeiiey  decreases  slightly,  the 
damping  ratio  increases  ap>  roximateiy  by  the  proportion  (x).  but  the  pin  margin 
is  unchanged. 


-  -  u. 

L 


hi  Load  spring  (fig.  A-8b) 


t:,t) 


If  the  load  spring  is  increased  by  the  factor  (\».  the  load  natural  frequency  increases, 
based  on  the  assumption  of  the  load  spring's  relative  magnitude,  the  open-loop 
natural  frequency  and  damping  ratio  increase  approximately  by  the  square  root  of 
(M.  and  the  gain  margin  is  unchanged. 


“Lx 

“Ox 


/(x  KL) 

=  M r  ■  V^WL 


•/ 

V  K  + 


(xKl) 

(xKl> 


M[  wo 


Kv  Rpp  /Ml  k<x  kD  ..  . 
— /  K  +  (XKD  ^O 


>  (24) 


c)  Load  mass  (fig.  A-8c) 


If  the  load  mass  is  increased  by  the  factor  (x).  the  load  natural  frequency  and 
open-loop  natural  frequency  decrease  inversely  as  the  square  root  ot  the  propor¬ 
tion  (x).  and  the  damping  ratio  increases  proportionately.  The  gain  margin  is 
unchanged: 


"Lx 

"Ox 


,/KL 

(x  M|_) 


/K TOT  _ 


(x  Mj^) 


vr“° 


r°x  = '  2  a-~\/(x  Ml>  K|ot  =  ^  r° 


CLOSED-LOOP  CHARACTERISTICS 


The  closed-loop  transfer  function  must  be  used  to  determine  the  dynamic  performance 
in  terms  of  transient  response  and  frequency  response.  The  open-loop  transfer  function  is 
useful  to  determine  the  stability  margin  of  a  system  without  regard  to  dynamic  performance. 
The  closed-loop  transfer  function  can  be  written  from  equation  ( I ),  or  directly  from  equa¬ 
tions  (II)  and  (12).  With  Dl  =  0: 


Xp(s) 

X^) 


WL‘ 


Uq“  <S2+  U>L~) 


"  ■  /  2  \ 

S3  +  f  2  fo  wO  +  ~~js2  +  a>o:  s 

L 


+  OJS  COq- 


( 2f>t 


or.  in  terms  of  "closed-loop  parameters”: 

Xp(s)  oJc/^O^  (s-  +  o>L~) 

Xvc<*>  'col“'  (s  +  wc)(s2  +  2rCLcoCLs  +  <ut.L-> 


(27) 


Substituting  s  =  jcj  in  equation  (27),  the  closed-loop  frequency  response  of  figure  A-9  results. 
Expanding  the  denominator  in  equation  (27): 

s**  +  <-  ?CL  ^CL  +  s2  +  <WCL2  +  2  ^CL  WCL  WC*  s  +  WC  WCL2  (28) 

Comparing  the  coefficients  in  the  denominator  of  equation  (26)  with  the  coefficients  of 
equation  (28): 

-y  v 

wO  ^ 

2  ?0  wO  +  WS  ZJ^2  =  2  ?CL  WCL  +  1 


“O'  =  ^CL"  +  -fd^CL^C 
ws  “O'  =  WC  ^CL" 

From  the  first  and  third  of  equations  (29),  the  closed-loop  damping  ratio  is: 


CJQ 

fCL  "  Z^f0  + 


\M  i“°  V 

Ll^Mz^7JT 


The  relationships  can  be  simplified  since  the  open-loop  poles  and  zeros  are  close 
together,  and  they  are  also  more  than  five  times  the  magnitude  of  the  inverse  of  the 
closed-loop  time  constant.  Therefore: 

WCL  *  “O 


Using  equation  (3 1 )  in  equation  (30): 


$CL  %  $0  “  7WS  wO 


/uL2-o>q2  \ 
\  w0‘  WL"  / 


From  equations  (3),  (4),  (7),  (9),  and  (32), 


[  ARpl  f  Ka(0)‘ 
?CL  *  to['-iTR^J= 


Equation  (33)  shows  that  the  system  is  stable  for  stiffness  ratios  less  than  1 .0,  and  relates 
the  open-loop  and  closed-loop  damping  ratios.  Since  pressure  feedback  gain  is  a  part  of  the 
open-loop  damping  ratio,  the  effects  of  pressure  feedback  are  apparent  if  equation  (33)  is 
rewritten,  so  that  if  Rpp  only  is  varied,  the  ratio  fo^PF  constant: 


/jo\L  A  rf 
vrpf/|  PF“  K 


18S 


The  complete  equation  is  shown  by  substituting  for  ?0  from  equation  (18): 


Equation  (35)  verifies  the  relationship  between  stiffness  ratio  and  system  stability,  since  the 
damping  ratio  becomes  negative  whenever  the  stiffness  ratio  exceeds  l  .0. 

STRUCTURAL  FEEDBACK 

If  the  structure  is  flexible,  the  structural  deflections,  which  are  a  function  of  load,  are 
fed  back  as  added  inputs  to  the  valve,  as  illustrated  in  the  simplified  diagram  of  figure  A- 10. 
Since  the  valve  receives  an  input  as  a  function  of  load  pressure,  the  structural  feedback  is 
effectively  a  pressure  feedback  term.  The  structural  feedback  is  destabilizing  if  the  effective 
pressure  gain  of  the  actuator  is  raised. 

The  magnitude  of  the  structural  feedback  cannot  be  determined  easily  when  it  is  trans¬ 
mitted  through  a  complex  structure.  A  structural  model  of  the  total  structure  and  actuator 
must  be  developed  and  analyzed.  Only  then  can  the  stability  margin  of  the  system  be  predicted. 

ELECTRICAL  STIFFNESS  COMPENSATION 

An  actuation  system  that  has  adequate  stability  margin  frequently  has  a  static  stiffness 
that  is  inadequate  to  satisfy  the  static  load  requirements.  That  is,  under  high  aerodynamic 
loads,  the  actuator  does  not  deflect  the  surface  nearly  as  far  as  commanded.  The  nonlinear 
effects  of  repeatability  (hysterisis)  are  also  inversely  proportional  to  the  static  stiffness. 

The  stiffness  can  be  increased  in  a  given  frequency  range  by  filtering  either  the  position 
feedback  or  the  pressure  feedback.  Neither  method  was  practical  for  the  test  program  since 
both  feedbacks  were  mechanical,  so  the  stiffness  was  "compensated"  electrically  by  intro¬ 
ducing  a  parallel  position  path  through  the  EC  servo,  as  in  figure  A- 1 1 . 

Using  equation  (2),  and  letting  G2(s)  represent  the  EC  servo: 


Aerodynamic  load 


Hinge  spring  stretch 
due  to  raction 


Torque  box  stretch  due  to  reaction 
of  aerodynamic  load  and  actuator  force 


Valve  opening  due  to  it  rudotel  deflection 


*8ase  spring  compression 
due  to  reaction 


figure  a  w.- s truc tura l  feedback 


Lot 


Compared  to  the  unwmpensatedcase.  the  above  stiffness  equation*  show  {fig,  A*t  2) 

that: 


•  A  new  break  frequency  is  added  at  s°‘U>,} 

•  1  he  single  wm»  break  frequency  is  retraced  by  a  new  pair  of  break  frequenviev 

•  lire  low-frequency  stiffness  i  static  stiffness)  is  increased  by  the  factor 
1A  Kj;^  K|;)/R|»j.' 

A  ch»ved*ioop  transfer  function  can  be  written  as  shown  in  figure  A*M  by  simplifying 
figure  A-  II. 
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FIGURE  A  t 3. -CLOSED-LOOP  TRANSFER  FUNCTION 

rite  closed-loop  transfer  function  through  (lie  mechanical  input  is 

Xpfsi  Xpjs)  t » 1 1  s )  ^ 

HfN  X|j^t**t  *  Xy^.tSt  I  +  (i  stsl  H  Msi 

l  ot  stability,  the quantity  1  r  (ijtsiUstsi  Must  must  not  Iv zero  or 

sr*|(ju>t(»s(joai  Hstjuitl  <1.0  t4,*i 


The  frequency  where  a  phase  shift  of  ■  I  SO*  occurs  is  not  as  easy  to  Oct  me  as  ptev  musty 
It  is  approximately  equal  to  u>q,  however, 


Tire  open-loop  trauster  function  for  the  compensated  system  »v 


C  i  1 1st  0  slst  llilvl  a 


Kj(  K 


|  ut  ^a 


TuT 


1 44  * 


ts  ♦  ut^-tt*  *  tOt1hs-  +  '  s  *  «r(‘j  2» 


Comparing  the  compensated  system  with  the  uncompensated  system  «»t  situations  tilt 
and  ( I '  i.  the  compensated  system  has  the  following  differences 

•  The  clovd-loop  poles  become  the  new  open-bmp  jmles. 

•  The  single  polo  at  s  e  0  has  been  replaced  by  a  pole  at  the  elosesHoop  setso 
break  frequeney. 

•  A  new  pole  has  been  added  at  s  «  adding  an  additional  ‘Hf  of  phase  lag  at 
the  system  natural  frequency. 
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•  The  open-loop  gain  is  changed  from  (Ky  Rp)/A  to  (KgC  Kp)/Rp, 

The  transfer  function  has  become  more  complicated  compared  to  the  uncompensated 
system.  The  results  of  compensation  can  be  demonstrated  more  easily  by  writ  ,  the  transfer 
t unction  with  both  the  normal  and  compensation  feedback  loops  open: 


G,(s)G2(s)  H2(s)  = 


wa 


rf+keckf  (Tts: 


1 

(S"  + 


"7 

WL“> 


Ky  / u)q\2  _ 

A  W/  (S2  +  2fQWQS+UQ-)| 


(45) 


It  is  valid  to  assume  that  the  compensation  pole,  coa,  will  be  chosen  at  a  frequency 
lower  than  one-tenth  of  the  system  natural  frequency,  cjq.  if  the  static  stiffness  only  is  to 
be  increased.  Further,  the  damping  ratio,  £q.  is  very  low,  and  the  additional  (>Q°  of  phase 
lag  has  a  small  effect  on  the  open-loop  frequency  response  near  the  system  natural  frequency. 
Therefore,  at  s*jw^: 


Gj(s)  G2(s)H2(s> 


Rp  +  Kuc  Kp 


Hi]  A 
Wq  K  Rpp 


Ka(0) 

KAt-) 


.  KK:Kl-  ^a 
R,.  ui0 


(4b) 


Comparing  equation  (46)  with  equation  (16),  the  new  condition  for  stability  is  not  stiffness 
ratio,  but  has  been  modified  by  the  quantity  in  parentheses. 

Tire  closed-loop  transfer  function  of  equation  (4.))  becomes  fourth  order  with  compen¬ 
sation.  Based  on  previous  assumptions  that  the  system  natural  frequency  is  considerably 
higher  than  cj(*  or  to.,,  the  closed-loop  natural  frequency  j  will  he  approximately  the 
same  with  or  without  compensation.  The  transfer  function  through  the  mechanical  path  is: 


w  Is  ♦  wa) 


Xp(s)  l 
C  s-  +(u>  *  wa)s  ♦ 


W()"  ls“  *  ) 


147) 


(s-  *  2  s  *  j  “ ) 


Compared  with  the  normal  elided-loop  transfer  function  of  equation  i2?i.  the  compcm 
sated  system  has  a  new  zero  at  %  *  -wa.  ami  the  single  servo  break  frequency  has  been  replaced 
by  a  pair  of  poles.  The  pair  of  poles  may  be  either  real  or  complex  depending  on  the  choice 
of  Kp£  and  wa.  The  *ero  in  (he  numerator  will  cause  over-shoot  and  itiay  be  undesirable  m 
an  actual  system.  It  can  be  eliminated  in  an  actual  system  design  by  proper  prefiltering.  For 
the  sample  configuration  shown  in  figure  All.  ihe  transfer  function  for  an  input  at  P. .  also 
lias  the  *cro.  but  using  the  P2  input  eliminates  the  zero. 
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APPENDIX  B 

STRUCTURAL  MATRIX  FOR  DIGITAL  PROGRAM 
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